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ABSTRACT
Vulnerability of Water Supply Systems to Drought
by
D. T. Jensen, Doctor of Philosophy
Utah State University, 1978
Major Professor: A. Bruce Bishop ) )
Department: Civil and Environmental Engineering

The objective of this study is to develop a relatively simple and
practical method for improving the availability and reliability of
information about droughts to those responsible for water supply
management and planning. The information technique developed provides
an objective basis for the selection of water supply management
alternatives during periods of drought. The derived drought informa-
tion can assist water supply planners and managers in identifying
priorities among proposed water supply developments from consideration
of water supply vulnerability and existing drought severity levels.

Two drought indices are developed to achieve the overall objective
of the study: (1) the drought severity index for describing the state
of drought as it affects a water supply system and (2) the drought
vulnerability index which indicates the probability of water shortage
in a water supply system. In addition, the autoregressive, integrated
moving average (ARIMA) method is used to develop a model representative
of a water supply system and from the model synthetic data are generated

using Monte Carlo methods. The synthetic data are utilized in the
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drought severity and vulnerability indices and the probabilities of
future water shortage are calculated.

In this study the drought severity and vulnerability indices
are conceptualized and tested for water supplies of three communities
and three irrigation areas. Comparisons are made among the test
cases. Excellent results are obtained from the municipality group

and fair results are derived from the irrigation areas.

( 179 pages)



CHAPTER I

INTRODUCTION

Background

In Utah and throughout the Western States, water shortages have
occurred periocdically. One of these occurred during the summer of
1977 as a result of the unusually low precipitation. The situation
can become progressively worse in following years if there are several
dry periods in succession. Under such circumstances, carry-over
storage in reservoirs would be depleted, natural baseflows in streams
would be reduced, and groundwater recharge would be decreased-
resulting in cessation of spring flow. Other springs would be
diminished by increased drawdown in wells. Small rural communities
which depend on springs or surface water supplies that are susceptible
to drought would be impacted worst. The current concern of the
possibility of a sequence of dry years may prove to be an over-reaction
to a passing climatologic event. However, the present drought related
problem does serve as a stimulus to assess the vulnerability of small
rural water supply systems to drought. A sound basis for establishing
the degree of adequacy or vulnerability to drought is needed.

In one sense, the cause of drought is précipitation amounts that
are too low to sustain water use practices which are dependent upon
average or normal precipitation. 1In another sense, drought may be

caused by increased demands upon a water supply. The National
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Weather Service (1977) reports that precipitation over most of Utah
was between 25 percent and 50 percent of the 1968-1972 average for the
months between October 1976 and February 1977. The true impact of

the drought on water users will be related to the quantity of water
furnished relative to demand. 1In other words, if precipitation is

only 10 percent of average and most water demands are met then the
"drought" has not resulted in losses to water users, On the other
hand, if precipitation is 90 percent of average and water demands are
not met, the period could be classified as a drought. Thus the fact
that precipitation is below 'an average'" amount is not a meaningful
indicator of the severity of a drought. If, for example, an irrigation
company has large carry-over reservoir storage at the beginning of a
drought, it may be able to furnish water in sufficient quantities to
meet all demands placed on it in the short run. Therefore, the
severity of drought is related to: (a) the degree to which the normal
quantity of precipitation has come to be relied on for supplying water
users, and (b) the facilities available for storing precipitation
received in the past. The concept of the degree of use when there is no
shortage of supply is utilized in developing a drought severity index
in this study.

The vulnerability of a particular water supply system is
dependent not only on the availability of water in the natural
hydrologic system, in reservoir storage and in the groundwater system,
but it also depends on the operating policies of the water supply
manager and the capacity and type of supply facilities available.

Naturally there is concern to minimize the expected loss from water



shortage during the duration of the drought; but information is
commonly inadequate for this purpose. If the probability of a
shortage with a given drought severity could be quantified, then
it would be possible for engineers and planners to assess the need
for upgrading the supply facilities. The Utah bivision of Water
Resources manages an interest free revolving fund that is used to
finance loans for upgrading water supply systems. A basis for the
priority for receiving loans could be the relative drought vulner-~
ability of the applicant supply systems. A drought vulnerability
index could also be used by the State Engineer as a factor to be
considered when allocating limited water supplies during a drought.
An index capable of describing the vulnerability of a water supply

system to drought is developed and tested in this study.

Purpose of Study

The overall objective of this research is to develop a relatively
simple and practical method for improving the availability and
reliability of information about droughts to those responsible for
water supply management and planning. This information provides an
objective basis for the selection of effective water conservation
measures during periods of "drought." The methods will be useful for
planners to identify priorities among proposed water supply develop-

ments from the consideration of water supply adequacy and vulnerabil-
ity. -
To achieve the overall objective of this research, two indices

are developed: (1) a drought vulnerability index for indicating
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the probability of water shortage in a water supply system; and

(2) a drought severity index for describing the state of a drought as
it affects the availability of water for beneficial use. In additionm,
a tool for planning for future water supplies is developed using
synthetic water supply data generated from a sophisticated time-series
model.

The research described herein includes the conceptualization and
preliminary testing of the vulnerability and drought severity indices.
Testing is accomplished using data collected from rural domestic water
supply and irrigation systems in Utah., Additional data from news-—

papers and climatic indices are also used as a supplement.

Significance of the Study

During drought periods a great deal of political pressure develops
to restrict water use and to provide funds to augment existing water
supplies. In dealing with the public and the press during emergency
situations, differences in how water supplies are affected by drought
are often overlooked. Also, water conservation practices vary widely
among users. An index of drought that encompasses more of the factors
directly related to water supply would be more useful for the manage-
ment of water supply systems and for planning purposes than are the
present indices based largely on weather and climatic information. In
the absence of objective information for comparing alternatives, the
selection of supply augmentation projects becomes dependent on

political influence. The measures that are implemented are less



effective because of the inavailability of sufficient information for
planning purposes.

An important contribution to overcoming this difficulty is to
make available to water supply managers and planners dependable
information on drought conditions and drought effects on individual
water supply systems. The probability of water shortage at the
present time or in the immediate future (drought vulnerability) and
the probable degree of shortage (drought severity) provides much of

this needed information.

Research Design

To achieve the major objective of developing a practical method
to improve the availability of information about droughts, drought
severity and drought vulnerability indices are developed. These
indices are tested using data collected from three municipalities
and three irrigation areas, each having a different type of water
supply system. The municipalities include:

1. Milford City, Utah, whose water is supplied by ground-water
pumping.

2. Monticello City, Utah, whose water is supplied by spring
and surface streamflow, with storage facilities.

3. Orangeville City, Utah, which depends upon surface stream

flow entirely for culinary water supply.

The irrigation areas include:

1. The Logan irrigation area, located in Northern Utah, and



depends upon the Logan River for irrigation. No stofége facilities
are available,

2. The Milford jrrigatjon area, located near Milford, Utah,
depends only upon ground-water pumpage for irrigational purposes.

3. The Oberto Ditch irrigation area, located near Helper, Utah,
obtains irrigation waters from the Price River as weli as from
storage facilities in the Schofield Reservoir.

In order to develop the drought indices for planning purposes,
the Box-Jenkins univariate time-series methodology is used. A model
is constructed from the Logan River data and 200 years of synthetic
streamflow are generated. Canal diversions are derived from the
synthetic streamflow using legal constraints. The drought severity
and vulnerability indices are calculated for the 200 year period.

Statistical analysis of the drought severity index used includes
the normal, Pearson Type II1I, Gumbel, Rayleigh, Gamma, Beta, Log-
normal and Log-Pearson Type III distributions. The Chi-square test
is used to determine which distribution has the "best" fit. This
distribution is then used to determine the probability that the
drought severity index will exceed a certain value. These probabil-
ities are used to define the vulnerability of each water supply
system to drought. The drought indices are verified using general
drought periods as defined by the Palmer Drought Index and public

opinion as found in historical newspaper articles.



Delimitations and Limitations

This study is limited to three small, rural municipalities and
three irrigation areas which depend upon varied water supply systems.
The data used to calculate the drought vulnerability and drought
severity indices are average monthly data for the municipalities,
seasonal data for two of the irrigation areas and monthly data during
the irrigation season for the third irrigation area.

Presently, there is no "drought index'" available with which to
verify the drought vulnerability and drought severity index as
developed in this study. Verification is commonly accomplished by
comparing the results of accepted models with the proposed model
results which were based on the same or similar data. Direct
comparison of a meteorologically based model such as the Palmer Index
is not suffieient because the same parameters are not measured.
Questionnaires or persenal interviews involving individuals of drought
affected areas provide excellent information about present drought
conditions, but drought information about the past 30 to 40 years is
more difficult to obtain accurately, especially in defining "marginal”
drought conditions. Newspaper articles on droughtvare an indication
of public opinion and the importance of water. Because of the lack
of a suitable verification technique, general severe '"drought" years
are defined by the regional Palmer Drought Index and by a perusal
of daily newspaper microfilm records for the 1958-1976 period. The
general periods of drought are compared with calculations of the

drought severity index as developed in this study.
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Summary of Contents

Chapter II contains a literature review. The review is divided
into three parts: (1) a review of the explanation of drought, (2) a
review of drought related concepts including general definitions,
concepts and statements, and (3) a review of the usefulness of
definition and methods.

The methods and procedures are established in Chapter III. The
drought severity and drought vulnerability indices are established.
Areas of study are defined and a detailed physical description of the
six geographical locations studied. Water supply-demand functions
are defined for each area. A time~series model for the generation
of synthetic data is developed for planning purposes. Methods of

gtatistical analyses of the data and evaluation procedures are set

forth.

Chapter IV contains the results and discussion of the results
as they apply to each pilot area. An application of the usefulness
of the results is included. A summary of the entire study and
recommendations for additional research are inciuded in Chapter V.
An appendix found at the end of this work includes tables of data,

results and computer program information that is used in the study.



CHAPTER 11

LITERATURE REVIEW

Introduction

The review of literature is divided into three parts: (1) a
review of the explanation of drought, (2) a review of drought related
concepts including general definitions, concepts and statements in
tabular form for easy reference, and (3) a review of the usefulness

of definitions and methods.

Review of Explanation of Drought

Causal factors

The occurrence of a drought depends upon the changes of hydro-
meteorological characteristics within a region. These characteristics
depend upon atmospheric motion which result from characteristics of
large land masses, oceans, and insolation (Yevjevich, 1967).

Oceanic areas and the distribution of warm and cold circulation
and region regulate the composite of overlying air masses. These air
masses as they progress inland, both change and are changed by the
character of the land over which they pass.

The atmospheric motion and variation is the main reason for the
reduction in the frequency of large storms and the decrease in
productivity of precipitation for a region. However, another region

usually benefits from an increased number of storms and precipitation.
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When the numbers of large storms is decreased and when the amount of
precipitation produced from storms is lessened, the resulting runoff
is also decreased. Over a duration of time, the decreased precipita-

tion and runoff result in drought conditions for an area.

Problems of prediction

Because droughts are a function of atmospheric motion, oceanic
changes, continents and land forms and other causal factors as well
as definitional problems, droughts are difficult to predict (Yevievich,
1967).

Current methods of weather prediction integrate dynamic equations
of the atmosphere for results. Presently there exists a large number
of synoptic data points to define initial conditions and boundary
conditions. These criteria are merged to predict weather for 1 to 5
days with the most precision in the 12 to 36 hour range. The
philosophy is to use more data point, more complex and faster
computers and more sophisticated equations to obtain better and
longer—-term forecasts. Lack of funds, inflation, and more automation
(less observers) seem to be limiting factors. Also turbulence and
mesoscale vorticity patterns appear to be governed by the laws of
probability and therefore are not easily subjected to deterministic
prognostication. When weather patterns and atmospheric motion can
be predicted for long terms with some reliability, then droughts
will also be predicted with reliability.

There exist very few certainties in drought study. Uncertainty
of hydrology in water system design arises because of the inability

to forecast the future sequence of flows that a water supply system



11

will encounter during its design life. This is of little concern to
the water users as long as the natural supply is stable and
comparatively large when compared to demands. Shortages or drought
conditions under these conditions can then be ignored.

The basic philosophy used by water system planners has been that
the recent past is the key to the near future. However, it is not
agreed upon as to what is the ''recent past" or "near future" (Stockton,
1977; Matalas and Fiering, 1977; Schwarz, 1977; and Dracup, 1977).
The tremendous effort and expense recently dedicated to climatic
change, cycles and periodicity has been lost in a contest of opinions
with data justifying each theory (Alexander, 1974; Boncher, 1975;
Fritts, 1965; Griffiths, 1974; Matthews, 1976; Schneider and Temkin,
1977; Shapley, 1953; United States Committee for the Global Atmos—~
pheric Research Program, National Research Council, 1975; Wélkomir,
1976). Unless there are significant breakthroughs, it is not likely

that these studies will contribute very much to drought prediction.

A Review of Drought Related Concepts

Drought is a happening that people experience rather than data
as instruments would record them. Because of this there is a wide
diversity in the ways different fields of study view droughts.

The engineer may view drought as a set of variables affected by
precipitation, runoff and water storage. The geophysicist may
consider climatological, hydrometeorological, limnological, glacio-
logical, or soil aspects. The agriculturist views drought as it

affects various crops. The economist is concerned with how decreases
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in precipitation affect human activity and thé satisfaction derived
therefrom. Each water user has its own concept of drought and the
concept changes with the user's conditions (Yevjevich, 1967).

Drought is normally perceived in terms of its problems and
impacts. Generally, drought is spoken of as a function of one or a
combination of many variables. These daté may range between specific,
point measurements, and averages of data for large areal extents.

Some of the variables that have historically been used to measure
drought include radiation, precipitation, evapotranspiration, effective
precipitation, streamflow runoff, tree rings, varves, natural storage,
artificial storage, economic, social and psychological indicators.

In addition, it is necessary to determine the time extent of both

data requirements as well as for the definitional requirements for
drought.

All of these variables may be necessary for an objective
definition of drought. Any one or a combination may be used by able
gcientists in many fields to describe the conditions which prevail in
and around a drought stricken area. These afe used to assist them in
answering questions pertinent to their field of expertise, while
definitions and concepts of extreme importance in other fields are
ignored. Hence, a precise definition of drought in one field has
little or no meaning in an unrelated field. Yet each scientific
field is correct in its own definitions when evaluated by its own
criteria. Indeed a meteorological drought may have little affect
upon a water supply system with adequate storage facilities. Also as

Tannehill (1947) so aptly noted, the rainfall in the worst drought
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ever experienced in Ohio would be abundant moisture in Utah. Table 1

includes a summary of some of the concepts of drought.

A Review of the Usefulness of Definition and Methods

A bibliography of drought was compiled by Palmer and Denny (1971)
and includes abstracts of worldwide drought related problems. The
bibliography is an excellent compilation and is organized for easy
use.

The Palmer Drought Index (Palmer, 1965) is a function of
meteorological parameters and soil moisture. It presents an objective
numerical approach to drought and permits an objective evaluation of
climatic events. Developed for the Midwest for agricultural needs,
this index is presently calculated for the many climatic regions in
all of the United States. The Palmer Drought.Index has not received
wide acceptance although the Environmental Data Service of the National
Oceanic and Atmospheric Administration publishes weekly maps of the
index of the United States during the growing season. Palmer, himself
(Richardson, 1977) has had reservations about using the index in areas
other than the mid-east but analysis of the Utah area, with the
exception of the Dixie Climatic Region, shows that the index performs
quite well. The Palmer Drought Index can be refined and fitted to
each local area. It was determined to use the index as published
(U.S. Department of Commerce, National Oceanic and Atmospheric
Administration, Environmental Data Service. 1931-1977) for this study.

The Gumbel (1963) method of analysis of drought problems uses

the definition that a drought is the smallest annual values of mean
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Table 1. Drought concepts.

14

GENERAL DEFINITIONS, CONCEPTS AND STATEMENTS

Reference

Concept

Tannehill (1947)

Linsley, Kohler, Paulhus
(1949)

Oxford English
Dictionary (1961)

Hounam, et al. (1975)

"But we have no good definition of
drought. We may truthfully say that
we scarcely know a drought when we see
one. We welcome the first clear day
after a rainy spell. Rainless days
continue for a time and we are pleased
to have a long spell of such fine
weather. It keeps on and we are a
little worried. A few days more and
we are really in trouble. The first
rainless day in a spell of fine weather
contributes as much to the drought as
the last, but no one knows precisely
how serious it will be until the last
dry day is gone and the rains have come
again . . . We are not sure about it
until the crops have withered and
died . . ."

Drought is a sustained period of time

without significant rainfall, ("sustained"
and "significant" are not defined).

The condition of being dry; dryness,
aridity, lack of moisture (archaic)
Dryness of the weather or climate;
lack of rain (current sense)

Dry or parched land, desert (obsolete,
rate)

Thirst (archaic and dialect)
Attributive and combined

Thornthwaite in 1947 noted that drought

cannot be defined as a shortage of rainfall
alone.

Deacon, et al., in 1959 realizing the

problem involved, urged that definitions

of drought be systemized in relation to
effectiveness of precipitation in different
climates.

V. P. Subrahmanyam in 1967 noted that to

the meteorologist a drought is a rainless
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GENERAL DEFINITIONS, CONCEPTS AND STATEMENTS

Reference

Concept

World Book
Encyclopedia (1975)

situation for an extended period. To the
agriculturalist, drought is a shortage of
moisture for crops. The economist view is
that of a water shortage adversely affect-
ing the established economy of the regiomn.
The hydrologist considers drought as
diminution of streamflow or lower surface
and underground water levels,

Water shortage is basic to drought
conditions and is a relative rather than an
absolute condition.

Drought occurs when the average rainfall
for a fertile area drops far below the
normal amount for a long period of time.

PRECIPITATION AND DROUGHT CONCEPTS

Cole (1933)

Hoyt (1936)

Tannehill (1947)

Cole used 15 day periods without
measurable rainfall during May-September
and used 20 day periods without rainfall
during the rest of the year. He noted also
that these rules (as well as others) must
be applied with judgment.

A drought exists when precipitation
falls to 95 percent of the mean.

Drought is a spell of dry weather.

Drought can be viewed as a valley of
rain deficiency in the broad sweep of time
and weather.

At one time in European Russia, drought
was defined as a period of ten days with
rainfall not exceeding 0.20 inches.

The U.S. Weather Bureau has defined
drought as a period of thirty days or more
with deficient rainfall and not exceeding
0.25 inches in any 24 hour period. 1In the
early 1900's however, the definition was
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Reference

PRECIPITATION AND DROUGHT CONCEPTS (cont.)

Concept

Brooks (1950)

Selyaninov (1957)

21 days or more with precipitation 30 percent
or more below normal.

In England an absolute drought was a
period of 14 consecutive days without 0.01
inch on any one day and a partial drought
was a period of more than 28 days with
precipitation averaging not more than 0.0l
inch per day.

A precise definition could be ". . . a

period of deficient rainfall which is
seriously injurious to vegetation."

In East Africa, severe drought is
defined as a period when rainfall is "barely
sufficient.”

In Britain, severe drought is classified
as a period lasting more than six months
with annual precipitation less than 68
percent. Droughts are generally more severe
in southeast England where precipitation
is lower and more variable from year to
year.

In the USA, drought is defined as a
deficiency of rainfall coupled with
increase in population and groundwater
mining.

Rotmistrov's 1913 classical definition
is that a drought is caused by a lack of
rain which gives rise to insufficient soil
moisture and thereby retards plant develop-
ment.

Drought results in a measurable rise in
air temperature and associated decrease in
air humidity. Plant behavior is the final
criterion of drought, the degree of drought
is estimated from the deviations of harvest
from average harvest values.

In 1930 an index of humidity (drought)
was proposed that used the ratio of the
total rainfall to the sum of temperatures
multiplied by a factor of 0.1. The
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PRECIPITATION AND DROUGHT CONCEPIS (cont.)

Reference

Concepts

Huschke (1959)

Hudson and Hazen (1964)

agrometeorological drought index is defined
as less than 0.6 to 0.7. The corresponding
harvest decrease was in the order of 20 to
25 percent.

Drought is defined as an abnormal period
of dry weather sufficiently long that it
causes a serious hydrologic imbalance.
Severity depends upon the degree of moisture
deficiency, duration and size of area '
affected.

In Britain, this period is at least
fifteen continuous days with no measureable
precipitation. Season makes no difference.
A partial drought is a period of at least
twenty-nine days during which the average
rainfall does not exceed 0.0l inches.

In KSppen's classifications the climates
are defined strictly by the amount of annual
precipitation as a function of seasonal
distribution and annual temperature.

In Thornthwaite's classification,
drought occurs when a moisture index is less
than zero and when seasonal water surplus
does not counteract seasonal water defici-
ency. Dry climates are subdivided accord-
ing to values of humidity index as: little
or no water surplus; moderate winter water
surplus; moderate summer water surplus;
large winter water surplus; and large summer
water surplus.

These authors recognize the standard
U.5. Weather Bureau definition in the
United States but note that in:

Bali: a period of 6 days without rain is
a drought

Libya: 2 years without rain is a drought

Egypt: any year the Nile River does not
flood is a drought regardless of
rainfall.

Concept of drought refers to periods of
unusually low water supply, regardless of
demand for water in a specific place.
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PRECIPITATION AND DROUGHT CONCEPTS (Cont.)

Reference

Concepts

Saarinen (1966)

Hounam, et al. (1975)

Saarinen notes that it is easier to
define a drought precisely after its
occurrence than during the period in which
it is becoming more and more severe. He
also gives the following definitions:

(1) A permanent drought is one where
precipitation is never great enough to meet
the needs of potential evapotranspiration.

(2) A contingent drought is due to
variations in precipitation from year to
year.

(3) A seasonal drought is one in which
a season receives an inadequate amount of
precipitation, though other seasons may
receive adequate or even excessive precipi-
tation.

(4) An invisible drought is one which
has borderline amounts of precipitation
which is not quite enough to satisfy crop
demands and shows up as decreased harvest
vields.

He quotes an early definition by Harry
E. Weakly as "any period in which tree
growth was reduced for five or more years
has been considered to be a drought
period.™

Tennessee Valley Authority defines
drought as an interval of 21 days in which
precipitation was no greater than one-third
of normal, -

An Engineers' drought in Australia is
three or more consecutive months with
deficit of 50 percent from mean rainfall
(Baldwin-Wiseman definition).

The authors note Thornthwaite quoting
Blumenstock that a drought was a period of
48 hours receiving less than 2.5 mm. They
also note Conrad's definition of drought as
a period during March through September of
20 (or 30) consecutive days or more without
6.4 mm of precipitation in 24 hours.
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CLIMATIC AND EVAPOTRANSPIRATION CONCEPTS

Reference

Concepts

Baier and Robertson
(1966)

Palmer (1968)

A model is suggested for estimating the
actual evapotranspiration (AE) from changes
in soil moisture per zone as:

n s? . _
AE, =) k, —B) 7 (pp ) E ~w(PE,-PE)
i jop 1 Sj 3 i i

in which

&

actual evapotranspiration for day
i ending at the morning deserva-
tion of day i + 1

summation carried out from zone

i~
[}

j=1 j=1 to zone j=n.

k, = coefficient account for soil and

J plant characteristics in the jth
zone.

S = gvailable soil moisture in

1

JGE-He jth zone at the end of day
i-1, that is, at the morning
observation of day i.

S, = capacity for available water in
J the jth zone
Z. = adjustment factor for different
J types of soil dryness curves
PEt = potential evapotranspiration for
day i.
w = adjustment factor account for

effects of varying PE rates on
AE/PE ratio.
PE = average PE for month or season
= coefficients to express the
amounts of water in percent of
PE
The coefficients k express the amount
of water in percent of PE extracted by
plant roots from different zones during
the growing season.

o
|

Severity of agricultural drought is
defined in terms of the magnitude of the
computed evapotranspiration deficit and
expressed as a crop moisture index (CMI).
Negative values of the CMI mean that evapo-
transpiration has been abnormally deficient.
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CLIMATIC AND EVAPOTRANSPIRATION CONCEPTS (Cont.)

Reference Concept
The United States is mapped using this index
on a weekly basis.

Sly (1970) Sly suggests a climatic moisture index

Sly and Baier (1971)

Hounam, et al.

(1975)

that expresses seasonal precipitation as a
percentage of the water used by crop were
stresses not allowed to develop.

_ P
I=% 7w+ *100
in which
P = growing season precipitation

SM = soil moisture available at beginning
of the season

IR = calculated growing season irriga-
tion requirement :

With the growing season defined as
May through September, a climatic moisture
index is used for country-wide (Canada)
comparisons.

The World Meteorological Organization
lists Hounam, Trumble, and Prescott as
using climatic boundaries for land use and
for frequency of periods of non-effective
rainfall (drought).

Turc is noted for his formula for short
drought periods (10-day period)

E = P+a+V
5 1/2
P+ a Vv
[1+(L +2L]
in which
E = evaporation
a = estimated evaporation from bare soil
V = a crop factor
L = evaporation capacity of the air

His annual formula is:

P
1/2
P |2
[0.9+(E)j|

E =
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ECONOMIC AND SOCIAL CONCEPTS

Reference

Concept

Hoyt (1936)

Saarinen (1966)

.

Beran and Kitson (1977)

When precipitation is not sufficient to
meet the needs of established human
activities, drought conditions may be said
to prevail.

Saarinen notes that Kifer and Stewart
define drought in terms of:
1. percent departure from normal rain-
fall
2. average crop and pasture conditions
as a percent of normal.
3. percent increase or decrease in the
number of cattle
4. amount of Federal Aid per capita
The William G. Hoyt view is that a
drought condition is created if, in the
economic development of a region, man
creates a demand for more water than is
normally available.
Humphreys notes that a drought occurs
when shortage of rainfall causes distress
to those who are dependent on rain.

These authors note that rainfall, river-
flow, storage, and distribution must be
studied together and statements as to
severity of drought should contain the
parameters and durations used to calculate
the severity.

METHODS OF ANALYSIS

Levitt (1958)

~

et

~

Drought is defined as a measure of the
environment's drying potential. Atmospheric
drought is proportional to the vapor
pressure deficit of the air

D,*p,- P
where D_ is atmospheric drought, p_ is the

vapor pressure of pure water and p is the
vapor pressure of air.
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METHODS OF ANALYSIS (Cont.)

Reference Concept

Jones (1966) Jones uses Hamons potential evapo-
transpiration equation

PE = 0.0055 D2 Pt

where D is the day length factor and Pt is
the saturation vapor density in grams per
cubic meter at the daily mean temperature.
Tables for D and P. are given in Hamon's
original paper. The equation is of value
because it can operate at temperatures
below freezing.

Askew, et al. (1971) Generated monthly streamflow records
are used to give a set of gynthetic
critical drought periods for the design and
operation of reservoir systems.

- Kates (1971) Kates shows that natural hazards give

rise to different choices of adjustments.
He notes that hazard (drought) effects are
a function of the size of the event and the
character of adjustment. As an example of
drought, he shows effects on health, wealth
and population movement as well as adjust-
ment to the drought. The model can be
adapted to computer simulation.

Clyde and King (1973) These authors recognize that all avail-
able water resources should be used in
o analysis of any system. A linear program—
ming model of an economic~hydrologic-
physical system is used to optimize various
combinations of water use.

Kirkpatrick (1976) Agriculture land (in Utah) uses about
3.73 acre~feet of water per acre. One
urban acre of land in Salt Lake County
utilized 3.2 acre~feet. Results show that
the encroachment of urbanization upon
agricultural lands should free water for

. other uses unstead of creating more demand
< on existing water supplies. Nothing is
sajid of industrial uses.
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METHODS OF ANALYSIS (Cont.)

Reference Concept

Hiemstra (1976) Hiemstra has modeled drought based on
conservation of mass. The model is limited
in area considered and is site specific.
Parameters used include soil moisture, daily
runoff, infiltration and evapotramnspiration.

Bayazit and Sen (1976) The authors model monthly streamflows
using an autoregressive, integrated, moving
average (ARIMA) model. By preserving "dry
period" statistics, the run-length statistics
of drought are generated.

Kavvas and Kelleur (1976) From rainfall data, these authors
calculate drought lengths and the return
period of rainfall events for drought
computations. They also calculate the
marginal probabilities of drought lengths.
The model used is adequate only for large

areas.
Institute for Policy This group defines drought affected
Research, Western groups and sectors as well as associated
Governors Policy problems and impacts in a very detailed
Office (1977) analysis.

SPECIFIC DROUGHT INDICES

Goodridge (1965) The drought index is defined which
measures the relative magnitudes of extended
periods with little or no precipitation.

Last dry day
Drought Tndex = Z Average value
First dry day

Each day of the year is weighted in

accordance with its average daily rainfall.
Probabilities of drought occurrence may be
computed.
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Reference

SPECIFIC DROUGHT INDICES (Cont.)

Concept

Magnuson (1969) and
Palmer (1965)

Russell, et al. (1970)

Kates (1971)

Palmer's index treats drought severity
as a function of accumulated weighted
differences between actual precipitation
and precipitation requirement. The index
values can be correlated with general crop
conditions, forest fire danger, water
supplies and economic disruption. Index
values are summarized by large areal climatic
division.

CLASSES FOR WET AND DRY PERIODS

MONTHLY INDEX VALUE CLASS
> 4.00 extremely wet
3.00 to 3.99 very wet
2.00 to 2.99 moderately wet
1.00 to 1.99 slightly wet
.50 to .99 incipient wet spell
249 to - .49 near normal
- .50 to - .99 incipient drought

~1.00 to -1.99 mild drought
~2.00 to -2.99 moderate drought
~3.00 to -3.99" severe drought
< -4.00 extreme drought

An index of water system inadequacy is
developed from a relation between potential
demand and supply. Adjustment of water
supply systems to drought conditions is also
considered. Resulting estimates of costs
and losses from water shortage as well as
general rules of thumb for planning purposes
are tabulated.

Kates' model considers human use modifi-
cation adjustments, characteristics of
human use, natural events, modification of
natural events, adjustments, and hazard
effects to derive a natural hazard system.
This sytem combines the natural and human
use system in a water-yield relationship.
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Reference

SPECIFIC DROUGHT INDICES (Cont.)

Concept

Richardson (1977)

For climate comparison purposes,
Richardson has devised a winter severity
index and a summer severity index. These
indices intend to use the same parameters
of severity as those to which the user will
relate human comfort. The Winter Severity
Index is:

100 - T S D

- 2 a, a_._o
W= 100 ( 68 +?5+90

where T_ is the sum of the average winter
tempera%ure for the three winter months.

S_ is the sum of the average snowfall for
tiese months and D_ is the sum of the number
of days below freezing.

Summer Severity Index
S = Tmax + (0.057 -~ 0.0143 TR)(TmaX—BS)
where T is the sum of the maximum daily

tempera%ﬁ%e and TR is the daily temperature
range.
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daily river discharges. The probability of the daily smallest value is

found using the third asymptotic distribution or theory of extremes.

This method assumes that (1) n=365 is a large number and (2) daily

streamflow values, while interdependent for a few successive days,

are independent for large periods of time. As with flood problems,

the return period and characteristic drought are calculated. There

is no attempt to calculate drought duration or the areal extent of

drought.

Yevjevich (1967) objectively defines drought as a deficiency in

water supply.

In his work, the theory of runs is used to define the

duration, areal extent, beginning and ending of drought problems.

The runs of a stochastic variable, or combination of stochastic and

deterministic components, may be defined in various ways. 1In Figure

1, if an arbitrary value X0 is chosen, it cuts the series in many

places. The relationship of X, to all other values of X is the basis

for the definition of runs, For a given sequence Xt and the selected

base value Xo’ the concepts of runs which may be used for practical

objectives of series analysis are:

distance between upcrosses;

distance between downcrosses;

distance between successive peaks

distance between successive troughs;

distance between the successive upcross and downcross;

distance between the successive downcross and upcross;

sum of positive deviations between the successive
upcross and downcross;
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Source: Yevjevich, Vujica. 1967. 4An objective approach to
definitions and investigations of continental hydrologic
droughts. Hydrology Paper No. 23, Colorado State University.
Fort Collins, Colorado.

Figure 1. An example of a series of the theory of runs

Y2 ~ sum of negative deviations between the successive
downecross and upcross

Some of the concepts of runs are as foliows:

1. Ty T distance between upcrosses;

2. T2 ~ distance between downcrosses;

3. Ty = distance between successive peaks;

4, T, distance between successive troughs;

5. Ty = distance between the successive upcross and downcross;
- distance between the successive downcross and upcross;

7. Yl - sum of positive deviations, between the successive
upeross and downcross, and

8. Y, — sum of negative deviations, between the successive
downcross and upcross.
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For drought purposes, s> T6’ Y, and Y, are best suited in
defining water shortage and duration. The TS and T6’ or distances
between upcrosses and downcrosses represent the duration of drought
conditions. The vy, and Y, are the sums of the deviations between
the upcrosses and downcrosses. These sums of deviations represent
the deficiency in water supply or the severity of drought. The
theory of runs is easily adaptable to the Palmer Drought Index as
well as the indices derived in this study.

Other definitions of drought are not used unless they
specifically apply to the supply-~demand concept. Russell, et al.
(1970) was very useful in definitions of inadequacy, losses and
adjustment of water supply systems to drought conditions.

There exists many types of drought definitions and regional
drought indices as described above, but there exists no indices
which specifically measure drought severity unique to a water supply
system. In addition, the probability of water shortage at the
present or in the immediate future and the probable degree of shortage
are not measured. The purpose of this study is to develop a drought
vulnerability index to indicate the probability of water shortage in
a water supply system and to develop a drought severity index which
will describe the state of a drought as it affects a water supply

system.
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CHAPTER III

METHODS AND PROCEDURES

Introduction

The purpose of this research is to develop relatively simple and
practical methods for improving the availability of reliable informa-
tion about droughts to those responsible for water supply management

and planning. To accomplish this drought severity and vulnerability

indices are developed for six pilot study areas. The indices and their

delimitations are set forth. Physical descriptors, instrumentation,
and data are described for each area. Methodological assumptions,

limitations and evaluation procedures follow in this chapter.

Drought Indices

Two indices are developed to assess the severity of drought and
the vulnerability of a water supply system to drought. Definitions

for the two indices which are developed and tested in this study are:

§

1. Drought severity index, S = —— . . . . (1)

F
1~ D . . . (2)

where,
S = drought severity index
U = unfurnished demand, or the demand for water that is not
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capable of being filled because of drought related problems. It is
also defined as the total demand (D) less the furnished demand (F).

D = total water demand, may be municipal demand (Dm) or’irrigation
demand (D)

F = furnished water demand, or the amount of water actually

supplied to users during drought.

2.  Drought vulnerability index, V(S') is the probability that
the drought severity index (S) will exceed a critical value, S, and

can be written:
V(§8') = Pr (S > 8") . . . . . . . (3)

Drought severity index

The numerator and denominator in the definition of the drought.
severity index (Equation 1) are functions that vary over time.
Therefore, S is also a function of time. The demand referred to in
Equation 1 is the usual or forecast level of water demanded and does
not reflect any reduction in demand due to conservation or regulatory
measures implemented during a drought. These measures are reflected
by the quantity of the unfurnished demand in the numerator of Equation
1. A "current" severity index (SC) can be calculated to indicate the
present status of a drought by using the current values for the
unfurnished demand and the demand. Alternatively, severity indices
can be calculaﬁed for different planning periods (Sp) using forecast

values of demand and supply. For planning purposes the unfurnished

demand as a function of time depends on both the drought conditions
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assumed and the operating policies considered for the water supply
facilities.

Total demand (D) in Equation 1 is defined differently for
municipal and irrigational considerations. In both cases it is
necessary that the definition remain consistant so the resulting
drought severity and vulnerability indices are comparable from location
to location. With these definitions, it is assumed that the results
of calculations of the drought severity index for the municipalities
can be compared. The results of the calculations for the irrigation

areas are also assumed to be comparable.

Furnished demand (F). Furnished demand is defined as the amount

of water actually diverted for use by a municipality or irrigation
area. The definitions, methods of calculation and data sources are
found in summary form in Table 2. Historically furnished demand (F)
is the measured diversion. For predictive or planning purposes, the

furnished demand (Ff) is the forecasted diversion.

Municipal demand (Dml, For the municipalities, a demand

definition is required that considers metered and unmetered systems,
price of water, outside water use and population trends. These
restraints enable the many differing municipalities to be compared on

a consistant bases. This is accomplished using water demand functions
developed by Hughes (1978). These demand functions represent a
reasonably accurate and consistent method of calculating historical

water demands as well as for predicting further water demands because:
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Table 2.

Summary of
areas.

furnished demand (¥) definitions, calculsations and data for pilot study

Pilot Stud}

Definition of Furnished Demand (F)

Method of Calculation of Furnished Demand (F)

(Raw Data & Calculation Results Appear in Appendix)

Data Sources
and Summary

Milford City

Monticello
City

Orangeville
City

Milford
Irrigation
Area

Oberto Ditch
{Relper)
Irrigation Area

Logan
Irrigation
Area

Planning Study
Logan Irrigation
Area

Total amount of water, in gallons,
pumped from three city wells
during a mouthly pericd.

Total amount of water diverted
from spring and streamflow and
treated for culinary use

Total amount of water diverted
from streamflow and treated
for culinary use

Total amount of water reported
as pumped for irrigation use in
the Milford, Utah irrigation area.

Total seasonal canal diversions
from the Price River, including
flows from storage dun Schofield
Reservoir

Total monthly diversions to the
Logan, Hyde Park, and Smithfield
Canal from the Logan River.

Projected monthly diversicns to the
Logan, Hyde Park and Smithfield
Canal from svnthetic stream flow
records produced for the Logan
River.

End-of-~month well meter total readings in
gallons zre algebraicaily subtracted from
the previeus month's readings for each of
the three wells. The resulting volume for
the three wells are added together to obtain
total city well pumpage for each month of
record.

Total monthly Monticello City treatment plant
infiuence in million gallons as reported by
King, et al. (1976)

End-of-month city treatment plant influent
meter readings are subtracted algebraically
from the previous month's meter reading.

Total area well pumpage data abstracted from
the Water Commissioner's Report (Stroug,
1977) and the State Engineers O0ffice, State
of Utah (1977).

Total seasonal diversion from the Price
River including storage, as recorded by the
Price River Commisgioner and reported by the
State Engineers Office.

Total meathly diversious as measured at the
Logan, Eyde Park, and Swmithfield Canal head
and published by the U.S. Geological Survey.

Synthetic diversion data is generated by a
soshisticated time series auto-regressive
woving average model developed in this study
for the Logan River and diversions to the
Logan, Eyde Park and Smithfield Canal.

(Richards, 1977)
monthly meter read-
ings August 1967
through June 1977

(King, et al., 1976)
monthly data

January, 1966 through
August, 1977

{Orangeville City
1977) daily meter
readings

November 1969
through June 1977

{Strong, 1977 and
State Engineers
Office, State of
Utah, 1977) Seasonal
well pumpage 1958
through 1977

{State Engineers
Qffice, State of
Utah, 1977) Seasonal
diversions from
Price River 1942 to
1976

{U.S. Geological
Survey, 1901-1977)
daily and monthly
records for water
years 1901 to 1977.

(U.S. Geological
Survey 1901-1977)
Syuthetic monthly
data generated for
200 years or 2400
months.

[AS
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1. The systems included in the study are selected because of
the quality, geographical location and representativeness of their
flow measurements.

2. The measurements represent flow into distribution systems and
not the sum of individual meter readings. Leakage, street cleaning and
other necessary components of demand are included.

3. Differences in demand are adequately explained by price and
an outside use index for both urban and municipal demands.

4. The data used in the study were obtained from the utility
managers or measured by the study team in visits to the site and not
from mailed questionnaires.

3. Statistical tests indicate high levels of confidence in the
correlation for historical or predictive uses (Hughes, 1978).

Weaknesses and justifications of the demand function for use in
the drought severity index include:

1. The multiple regression analysis from which the demand
functions were determined were developed from monthly data for 14
systems for the three years, 1974, 1975, and 1976. The data for the
systems was of good quality and the use of more than three years of
data usually involves changes of price of water during the period.

2, It is recognized that demand does vary on a monthly and even
daily basis. To calculate the monthly demand for each particular
month requires more extensive data than is presently available. This
work is presently being pursued but is not completed (Hughes, 1978).
The monthly demand calculated from yearly averages provides a good

first approximation for the drought severity index.
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To compensate for this weakness and make the monthly demand more
commensurate with the real higher summer demands as opposed to lower
winter demands, a "monthly weight" is established. The monthly weight
(Mw) is derived by summing furnished demand (F) over all months,

summing over like months and taking the percent of like months to the

total.

M n

L= P . . . . . . . . . (4)
where Mﬁ = the monthly demand weight (dimensionless)

F_ = the sum of furnished demand for all like months (all

January data, all February data, etc.)

Fxj
[}

the sum of furnished demand for all monthly data.

For example, Monticello City's furnished demand data is found in
Table 3. The sum of all months furnished demand is 2130.27 million
gallons. The sum of all January furnished demands is 110.70 million
gallons. The monthly weight (MW) for January demand is:

M 110.70

= "3130.27 - 0-052

Monthly weight (Mw) is calculated in a similar fashion for other’
months for each municipality. These weights are tabulated in Table 4.
The parameters which represent the average municipal demand (Dm)
were parsimoniously chosen from multiple regression results (Hughes,
19?8). These parameters include price (cost) of water, number of

water users and an index of outdoor use.



Table 3. Monricello City furnish demand (F), monthly treatmert plant influent (million gallons)

1966 1967 1968 1969 1970 1971
Jan. 11.81 8.56 6.44 6.40 9.36 8.62
Feb. 10.46 /7.88 5.65 6.12 9.25 9.15
March 11.71 8.30 6.08 6.01 10.01 10.29
Apr. 16.32 10.73 8.39 14.02 9.32 18.22
May 24.36 23.44 22.38 28.09 20.78 21.14
June 26.34 18.96 23.88 24.53 27.84 27.34
July 20.96 19.53 24.31 29187 30.71 27.46
Aug. 19.14 18.00 15.27 26.14 20.67 19.43
Sépt. 12.97 15.50 20.50 22.75 15.05 16.29
Oct. 10.17 11.58 - 18.36 17.95 12.72 10.36
Nov. 9.33 6.92 12.37 8.18 10.62 9.18
Dec. 8.32 5.62 7.60 8.75 8.88 8.86
Total  181.89 155.02 171.23 198.81 185. 21 186.34

1972 1973 1974 1975 1976 1977
Jan. 9.26 9.41 10.00 9.48 12.37 8.99
Feb. 8.25 8.59 9.44 7.97 10.29 5.20
Mar. 15.00 9.74 12.08 9.21 10.79 7.19
Apr. 24.14 9.87 16.13 9.62 14.31 7.46
May 29.25 18.12 30.73 15.63 21.60 5.36
June 26.57 25.44% 32.90 30.84 30.00 5.26
July 27.03 32.08 21.92 23.72 29.58 7.57
Aug. 22.67% 28.51 16.15 24.21 25.63 8.39
Sept. 13.20% 21.96 10.04 £20.70 17.67 -~
Oct. 11.86 17.95 11.02 13.71 11.55 -
Nov. 9.54 14.48 9.46 11.61 9.73 -
Dec. 9.41 12.22 10.56 11.67 9.48 —
Total  206.18 208.37 190.43 188.37 189. 21 67.8%

*Estimated

199
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Tuble 4. Monthly weight (Mw) for pilot study municipalities.
ﬁ Feb Mar Apr - July Aug Sep { Oct Nov Dec
Milford ; .037 . 049 . 068 f 145 .144 .092 .077 . 044 .043
: f
Monticello i I .046 .055 074 % .138 115 .088 .069 .052 . 048
{ !
Orangeville | 095 | .079 | .073 | .086 ! .081 | .060 | .046 | .053 | .099

9
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Costs of water were selected as those representing the water users
perspective of what they are actually paying for water. Marginal
costs are near $0.20 per thousand gallons for the average system and
average costs near $0.83 per thousand gallons. Detailed analysis of
costs and criteria may be found in the original work by Hughes (1978).
The Drought Severity Index is calculated for each city for the price
levels of $0.20, $0.50, $1.00 and $2.00 per thousand gallonms.

The demand function is developed on a per person and per
connection basis. For the study of small rural communities the use of
the function on a per person basis is adequate. The demand function

is represented by:

D = 40.75 +30.54 In ——;-— +26.14(T) . . . (5
where
Dmd = average demand of water per person per day
P = average cost in dollars per thousand gallons
I = outside use index (see Table 5)

Outside use is considered because of the great variation of this
component among the Utah systems. A single, easy to use index is
developed which accounts for the varied outdoor use‘demands. The
index associates an integer between 1 and 9 with a category descrip-
tion, where index number 1 defines a system which provides no water
for outside use, and increases in terms of outside irrigation to
number 9, where all of the outside water use is furnished by the

municipal system. Specific descriptions are shown in Table 5.
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Table 5. Outdoor use classification index.
Source: Hughes, 1978

Categories Indicating Extent of Outdoor Demand from

Domestic System

1. No outdoor use from domestic system~—everyone has connection to
pressurized dual system.

2. Almost no irrigation from domestic system--supplementary system
is available which serves at least 85 percent of outside demand.

3. Supplementary ditch system is available and landscaped areas are
very small.

4, No supplementary system is available but landscaped areas are
very small.

5. Ditch system available for gardens but most lawns are irrigated
from domestic system.

6. Ditch or piped system available to some customers but most
outside irrigation is from domestic system.

7. All outside demand from domestic system~-moderate amount of
landscaping, average climate.

8. Large amount of landscaping and all from domestic system——
average climate.

9. Large amount of landscaping and all from domestic system—-hot
and dry climate.
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The resulting average demand functions are shown in Figure 2 as
gallons per day per person. The Equation 5 expresses average demand
as a function of the cost of water (P) and the outside use index (I).
The correlation coefficient (Rz) for the equation is 0.805. The F
test for significance, mean square ratio and a statistical significance
discussion were adequate and may be found in the original work by
Hughes (1978).

It has been the practice in planning studies to include a small
growth trend in unit demand. Analysis of data over the last decade
for systems in Utah do not support this concept (Kirkpatrick, 1976).
Water use increases with outdoor demand and population growth, but
demand per person has generally stabilized (Hughes, 1978). For these
reasons, there is justification for using a stable average demand
function to determine water demand for historical studies and for
predictive (planning) purposes (Working, 1927). This provides a
useful and consistent definition of demand for both metered and
unmetered municipalities and which considers the major demand factors
of outdoor use, price and population. Municipal daily demands (Dmd)
are tabulated in Table 6.

To calculate the monthly municipal demand (Dm) for use in the
drought severity index, the municipal daily demand (Dmd) is multiplied
by the number of days per month, the monthly weight and the population

estimate for a particular year for a city, or:

D =D . dM P . . . . . . . (6)
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Table 6. Daily municipal demand (Dmﬁ) in gallons per day per capita
Dm = 40.75 + 30.54 1n (-—§~ ) + 24.14 (I)
Cost of Water
Cutside
Use
City $0.20 $0.50 $1.00 $2.00 Index
Milford 209 237 258 279 9
Monticello 209 237 258 279 9
Orangeville 112 140 161 183 5
where
Dm = monthly municipal demand in gallons per capita
Dmd = daily municipal demand in gallons per day per capita
d = number of days per year
Mw = monthly weight per year (dimensionless)
P = population estimate, number of people.

For example, for the price of water at $0.50 per thousand gallons,

the Monticello daily demand is 237 gallons per day per capita, the

aumber of days in January is 31, the monthly weight is 0.052 and the

population estimate for the year of 1975 is 1726.

demand (Dm) is calculated for January as:

The municipal

n 237 x 365 x .052 x 1726 = 7.76 million gallomns

Municipal Demand (Dm) is tabulated in the Appendix for the three



7N
y

AN

'

42

communities for the period of record of study. Twenty-eight days were
always used for the month of February.

The municipal demand (Dm) based upon the work by Hughes (1978),
has many deficiencies. Some of these include:

| 1. The small number of communities and data used to derive the
use rates.

2. The statistical justifications of the demand function.

3. The need for monthly and peak demand resolution.
Nevertheless, the author is convinced that the derivation of a demand
function using the Hughes (1978) technique is the best practical way
to define municipal demand that will be useable in models which vary
over time and locality. As more data is collected the technique will
be refined and the statistics will be improved. The method is assumed
to be correct and the monthly weighting (MW), though not a Hughes
(1978) technique, is set forth as a good approximation of relative
monthly weights until a corpus of data is collected with which monthly
demands can be derived. The author assumes that the monthly demands

(Dm) are valid as used in this study.

Irrigation demand. Irrigation demand (DI) is defined as water

that is diverted for farm irrigation purposes. This demand includes
transmission requirements of the system, system losses and plant

consumptive use. Consumptive use is defined as the amount of water
transpired in the process of plant growth plus the water evaporated
from soil and foliage in the area of the growing plant. Eight water

requirement methods were examined (Ogrosky and Mockus, 1964, and
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Veihmeyer, 1964), five methods critically (Appendix A), and the
Blaney-Criddle method chosen as the most appropriate for this study.
Reasons for this choice include:

1. The small amount of input data necessary,

2. Ease of uéeage

3. Parameters in the equation are easily obtainedd

4,  Adaptability of the method to all locations within Utah

5. Estimates.from the method have been found to be accurate
(Sutter and Corey, 1970)

6. Wide acceptance of the method throughout the West

7. Close agreement to measured pan evaporation

8. The State Engineer for Utah uses the Blaney-Criddle equation
to determine legal water requirements.

Assumptions made in using the Blaney-Criddle method for the
computation of irrigation demand (DI) include:

1. All factors other than temperature, length of growing
season and percentage of daylight hours are similar from area to area.
2. Crops are not limited by drought conditions or lack of

water at any time during the growing season.

3. Seasonal or monthly consumptive-—use is proportional to the
climate factor (8).

4, The crop coefficients (K), which have been determined
experimentally (Veihmeyer, 1964; and Ogrosky and Mockus, 1964), do
not fluctuate from area to area and can be assigned to a large general
area.

5. The crop most widely grown in the three areas of study is

alfalfa. Alfalfa is used as the base crop for this study.
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6. The growing season for two areas is defined as the months
April through September and as May through September for the Northern
Utah area.

Seasonal consumptive use for a given crop is calculated by’the

Blaney~Criddle relation:

U=K B
S

ot tp_
U= KS % 100 . . . . . . . . (7

where
U = consumptive use of water in inches for the growing season
K, = an empirical seasonal coefficient for a particular crop
B = the sum of consumptive~use factors for a given season
t = the mean monthly temperature in degrees Fahrenheit

p = the monthly daylight hours as a percent of the year.

For individual months the consumptive-use may be estimated by

k t
u= —1562 . . . . . . . . (8)

where u is the monthly consumptive-use of water in inches and k, t,
and p are the consumtive use values for that particular month.

A slight modification of the Blaney~Criddle method is made by
the Soil Conservation Service (U.S. Department of Agriculture, 1967).
This modification makes it possible to use crop growth stage
coefficient values and mean monthly temperatures in lieu of the
empirical monthly and seasonal crop coefficients tabulated in the
literature (Ogrosky and Mockus, 1964). The crop growth stage

coefficients are constant throughout the United States for each crop
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(U.S. Department of Agriculture, 1967) and are tabulated in Table 7 for
alfalfa for the growing season April through September. The monthly

daylight hours (p) for the study areas are included in Table 8.

Table 7. Monthly crop growth stage coefficients for alfalfa (U.S.
Department of Agriculture, 1967)

Month

April May June July  August September

Monthly Crop
Growth Stage 0.99 1.08 1.13 1.11 1.06 0.99
Coefficient, kc

Table 8. Monthly percent of daytime hours (p) (Interpolated from U.S.
Department of Agriculture, 1967).

Month
Seasonal
Area April May June July August September  Sum
Logan, Utah 9.98 10.11 10.22 10.33 9.61 8.40 57.65
Milford, Utah 8.90 9.92 9.99 10.13 9.49 8.37 56.80
Helper, Utah 8.92 9.99 10.07 10.20 9.52 8.39 57.09

(Oberto Ditch)
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The modification made on the monthly crop coefficient (k) is

k = kc k. . . . . . . . . 9

t
where
kc = the monthly crop coefficient
kt = the monthly climatic coefficient calculated by
kt = (,0173 t - 0.314, for values of monthly mean air temperature

(t) from 36 to 100 degrees Fahrenheit.

It follows that the calculation of monthly consumptive use using the
Blaney-Criddle method and the Soil Conservation Service modification
can be written as

kc kt t

w=-& t P

160 . . . . . . . . (10)

and the seasonal consumptive use can be calculated by summing the
monthly consumptive use values for the season. For example, monthly
and seasonal consumptive use values are tabulated in Table 9 below for
the 1977 growing season for Milford, Utah.

Summing the monthly consumptive use values gives the seasonal

consumtive use value

September
U= Eui = 2,35+ 3.31 4+ 6.72 + 7.94 + 6.79 + 4.13 = 31.24 inches
i = April
- 31.24
U= 13 2,60 feet

where U = the seasonal consumptive use value.
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Table 9. Calculation of monthly consumptive use (u) for Milford, Utah,
for the 1977 growing season using the Blaney-(Criddle method.

Month t Pk = (0.0173T-0.314) k_ us=k_k_ tP/100
April 49.4  8.90 .541 0.99 2.35
May 52.3  9.92 .591 1.08 . 3.31
June 68.7 9.99 866 1.13 6.72
July 73.6 10,13 .959 1.11 7.94
August 72.2 9.49 .935 1.06 6.79
September 63.4  8.37 .783 0.99 4.13

It has been noted (U.S. Department of Agriculture, 1967) that the
portion of consumptive use that must be supplied by irrigation is:
D“"U_R 3 » . . . - . - (ll)

where

D = irrigation demand or the consumptive use supplied by

irrigation
U = consumptive use as calculated by the Blaney-Criddle method
R, = effective rainfall

The effective rainfall can be further defined as the amount of
rainfall available to crops during the growing season. Since there
are no records of effective rainfall available, it is necessary to
estimate that portion of rainfall that is effective. Tables, graphs
and methods are available to make this estimate (U.S. Department of

Agriculture, 1967) based upon the assumption that there is a
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relationship between effective rainfall, mean monthly rainfall,
average monthly consumptive use and a 3-inch net irrigation applica~
tion.

For any particular crop in a certain location, monthly and
seasonal consumptive use varies very little from year to year. On
the other hand, effective rainfall varies widely from year to vear.
Demand based upon consumptive use less the effective precipitation
can also be expected to vary widely. To make the irrigation demand
used in the drought severity index more stable and less dependent upon
meteorological probabilities, the effective rainfall is defined as

insignificant during drought periods and Equation 11 becomes
D=0 . . . . . . . . . (12)

This definition is acceptable for this study because:

1. Drought is defined in this study in terms other than
meteorological and verified by meteorological definitions (Palmer,
1965 and Richardson, 1977).

2, Future precipitation events and amounts cannot be predicted.

3. The establishment of effective rainfall frequency distribu-
tion for an area assumes that, all other factors being equal, effective
rainfall will vary from year to year in direct proportion to the
variance in total rainfall, Total rainfall is used as a measure of
the frequency distribution of effective rainfall.

4., Precipitation intensity and duration are not considered.

5. During drought, precipitation events are few to non—existant.

6. Precipitation that does occur during drought usually occurs
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in a few torrential downpours (Fletcher, 1977 and Goodridge, 1977).
The effective precipitation amounts during these events is small.

7.  Precipitation during "normal" or "wet" years will yield
significant effective rainfall. This results in a decrease in the
irrigation demand (see Equation 9) and a resulting decrease in the
drought severity index (Equation 2). This decrease in effect, makes
the already negative index more negative and has little bearing on
drought severity.

8. Irrigation demand, defined in terms of consumptive use for
an area, can be safely assumed to vary only slightly from year to year
(U.S. Department of Agriculture, 1967) and provides a conservative
and consistent concept of actual irrigation demand.

Because of the time and space characteristics of the irrigation
areas in this study, it is necessary to make the following additional
assumptions for irrigation demand:

1. Carryover soil moisture resulting from winter precipitation
is assumed to be small from year to year.

2. Groundwater contributions (other than irrigation pumpage)
are assumed to be small.

3. Soil temperature control with irrigation waters is assumed to
be inecluded in the irrigation efficiency (E) factor.

4. Leaching requirements are assumed to be included in the
irrigation efficiency (E) factor.

As no convenient method exists for calculating transmission and
loss requirements short of establishing a water budget, the writer
assumes that these requirements can be estimated for particular

localities by applying an irrigation efficiency (E) factor (Riley, 1978;
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Sutter and Corey, 1970). For the Milford area, irrigation efficiency
is assumed to be 60 percent (Griffin, 1978). 1In Oberto Ditch (Helper)
area irrigation efficiency is 40 percent (Griffin, 1978) and
historically, the areas served by the Logan, Hyde Park and Smithfield
Canal Company, irrigation efficiency has been 50 percent (Haws, 1978).
For planning purposes, future irrigation efficiency for the Logan,
Hyde Park and Smithfield Canal area is also assumed to be 50 percent
(Hill, 1978).

The average monthly irrigation demand (DI) then is simply
calculated as the consumptive use multiplied by the given acreage
and that product divided by the irrigation efficiency for the area.
The difference between the irrigation demand (DI) and the total
consumptive use for the given acreage represents the transmission and
loss requirements of the system. For example, the seasonal irrigation
demand for the Milford area in 1977 is calculated in acre-feet for

13,848 Acres and farm efficiency of 60 percent as:

_UA _ 2.60 (13848) - -
I e = 0.60 60085 acre-feet . .

(13)

o
1

the seasonal irrigation demand in acre-feet
A = area irrigated in acres

farm efficiency (dimensionless)

==}
i

The value 60085 acre-feet, is that amount of water that must be pumped
from ground water supplies in order to meet crop, transmission and

loss requirements for the 1977 growing season.
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Range of the drought severity index

Equation 2 again is

=1-E
S§=1l-35. « .« - . . . . . D

It should be noted that when F > > D, S = K where K represents a large
negative value. When F < <D, S = 1 and when F = D, S = 0. The
drought severity index (S) is structured so that increasing positive
values of the index relate to increasing drought severity. When the
furnished demand (F) is equal to the demand (D), drought severity
index (S) is equal to zero, representing an adequate water supply. As
furnished demand (F) decreases, the ratio of furnished demand (F) to
demand (D) also decreases and the drought severity index (8) ranges
from zero to one. Positive S5 values imply a water shortage or drought.
When the furnished demand (F) is greater than demand (D), the

values of the drought severity index (S) are negative. All negative

S values represent periods in which water supply is more than adequate.

Example calculations of the drought severity index (S8). With the

parameters of the drought severity equation defined, it is appropriate
to show example calculations of the drought severity index. The

drought severity index is written as
_ F
§=1 o . . . . . . . . (2)

For the City of Monticello, January, 1975, total municipal demand

(Dm) is 7.76 million gallons. Furnished demand (F) is 9.48 million

gallons. The drought severity index for the municipality then is:
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= F
Sp=Ll-3
m
_ 9.48 _ _
Sp= 1= 3gg = - 0.22

which represents an adequate supply of water and no drought condition
for the month of January, 1975.

The Milford irfigation area for the 1977 growing season has a
total irrigation demand (DI) of 60085 acre-feet of water. The
furnished demand (F) for the area is 48229 acre-feet. Equation 2 for

the irrigation season becomes:

F
S; =1 -
I DI
_ . 48229 _
51 =1 - ooss - 0-20

which represents drought conditions for the 1977 growing season.

Drought vulnerability index

The drought vulnerability index, V(S'), is the probability that
the drought severity index will exceed a critical value, S§'. For
this study, the critical value (8') is assigned as zero, or the value
at which furnished demand (F) is equal to total demand (D) (see
Equation 2). Values above zero represent drought. Therefore, it is
physically felevant to calculate the probability of exceeding the
critical value of zero, or the probability of drought occurrence.
Critical values can be set for any level of drought severity and their

probabilities calculated in the same manner as those calculated here.
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Pilot Studies

The pilot or case studies are divided into three major sections,
each major section is separated into local area studies and each local
area includes a physical description of the area, description of the

instrumentation and data, data analysis and statistical analysis.

Municipal studies

Pilot studies of municipal water supply systems include:

1. Milford City, a small city in central Utah which relies
totally upon pumped wells for its water supply.

2. Monticello City, in Southeastern Utah, which receives its
water supply from springs, and

3. Orangeville City, in Eastcentral Utah, whose water is .

supplied by streamflow from Cottonwood Creek.

Milford City. Milford is located in Beaver County in the West-

central Utah some 220 miles south of Salt Lake City. The city is
gituated in a flat to gently sloping valley which is 15 to 20 miles
in width. Milford originally served as a railroad town but as the
type and kind of railroad services have changed, the railroad is no
longer the dominant factor of the economy. Presently cattle and
sheep production, railroad services, mining and agriculture are the
major economic factors influencing the area. The population of
Milford as determined by the Bureau of Census (1977) was 1304 for the
year 1970; 1337 for 1973; and 1283 for 1975.

The climate of Milford is well described in the climatological

summary prepared by the National Weather Service (1977).
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Milford is located in Beaver County in the west-central
portion of the State. The City is situated in a flat to
gently sloping valley 15 to 20 miles in width. The Mineral
Mountains, 10 miles to the east of the station, and the San
Francisco Range, 15 miles to the northwest, rise about 5,000
feet above the valley floor.

The station is in the Sevier River Basin, and drainage is
toward the north. The Beaver River just to the east extends
north-south through the valley, but no significant body of
water is reached by it. The river is dry most of the time due
to the low annual rainfall in the area, and to the Minersville
Reservoir 6 miles east of Minersville, which regulates the flow
of water in the stream. Water for the irrigation of agricultural
land in the valley is obtained from the diversion of surface
water from this reservoir and from numerous deep wells.

The climate is temperate and dry. The average annual
precipitation is between 8 and 9 inches, and except for the
irrigated land in the valley, vegetation is of the mid-
latitude steppe type. Only one month, March, has a normal
precipitation amount greater than one inch. Irrigation
water is necessary for the economic production of most crops.

Snowfall is rather evenly distributed during the season.
The snow is usually light and powdery with below average
moisture content. January, the coldest month of the year,
has the greatest average monthly total.

Relative humidity is rather low during the summer months.
It increases considerably in the change from summer to
winter, and winters are cold and uncomfortable.

Summers are characterized by warm days and cool nights.
Temperatures of 100° or more occur about once in every two
years. July is the hottest month with maximum temperatures
on most days above 90°.

In four out of five years the temperature can be expected
to drop to 10° below zero or lower; 28° below zero is the
lowest reading ever observed at the station; the coldest ever
recorded in the State is 50° below.

The average growing season is 128 days, rather short
for a station near latitude 38° and at an altitude of
5,028 feet. This is due, in part, to the mid-latitude steppe
type of climate which normally allows strong radiational
cooling during the nighttime hours. The average date of the
last freezing temperature, 32° or lower, in the spring is May
21, and the average date of the first freezing temperature in
the fall is September 26.
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The longest and shortest growing seasons on record are
179 and 80 days, respectively. Considering long-term record,
freezing temperatures have occurred as early as August 9,
and as late as June 21.

Diurnal heating is a factor in producing strong southerly
winds during the spring and summer months. Winter winds may
cause considerable drifting snow, with resultant hazards to
stock and transportation in the area.

Low pressure storm systems are rare during the summer
months. Precipitation during this period occurs as showers
or thundershowers and rainfall amounts from these storms are
quite variable. As winter approaches, the number of atmospheric
disturbances increases, reaching a maximum in the spring of
the year. (p. 1)

Soils are generally unconsolidated sand, clay and gravel. Soil
erodability is high (Erosion Control During Highway Construction,
1976). Permeability is moderately rapid and the soils have a water
holding capacity of near 40 percent. The soils are highly alkaline.

Milford has water rights for eight wells. Of these wells, three
are presently unused. Three other wells provide all of the culinary
water for the city and the remaining two provide irrigational waters
for the ball park and cemetary. There is also a one~family well at
the airport which is owned by the Federal Aviation Agency (FAA) and
provides 1.13 acre-feet per year.

The State of Utah, State Engineer's Office (1977) have the
following recorded rights for Milford.

1. #C-13337, well no. 1 near City Shop, Size 16 inches and 14
inches, 467 feet deep, approved right of 1.114 cfs, 500 gpm,
year around right.

2. #C-13338 and 13339, well No. 2 near 300 South and 100 West,
Size 6 inches and 8 inches, 468 feet deep, approved right
of 1.003 cfs, 400 gpm, year around right.

3. #A-18261, well No. 3 or Jakes Well, Size 14 inches, 504 feet

deep approved right of 17.035 cfs, 763 gpm, year around
right.
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In addition, a year around culinary deual diameter well exists
at the ball park which is 180 feet deep and has an approved right of
0.588 cfs or 265 gpm. The bottom portion of the well is 10 inches in
diameter. The upper portion of the well is 12 inches in diameter.
The water rights of this well include supplemental irrigation, which
may not exceed 0.2088 cfs and is specifically designated for use on
37.8 acres at the fairgrounds. The city also has irrigation water
rights of 40 acre~feet, for use on 10 acres associated with the
cemetery. The cemetery well, a 7-inch well of 102 feet deep is
approved to produce 0.5815 cfs during the April 1 through October 1
period. This water right is supplemental to the dual diameter well
outlined above.

The source of water for Milford City is a large ground water
reservoir directly beneath the city. The quality of the water is such
that no treatment is necessary at the present time. The supply of
water in the ground water reservoir is essentially infinite for

municipal use in the area.

Monticello City. Monticello is located in San Juan County in

southeastern Utah near the eastern foot of the Abajo (Blue) Mountains.
This range, has peaks rising above 11,000 feet which are located
almost directly west of the city. The terrain of the area is gently
rolling and slopes toward the southeast.

The population of Monticello grew from 1431 in 1970 to 1726 in
1975. Growth from 1970 to 1973 was near 5 percent per year and from
1973 to 1976 only about 2 percent per year (U.S. Department of

Commerce, Bureau of Census, 1977).
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Future growth in Monticello depends upon activities in mining,
agriculture and tourism. Development of 0il and gas reserves will
tend toward growth in petroleum distribution activities. Uranium is
also a key factor in development. The future growth of Monticello
will depend mainly upon resource development in the area. It has been
estimated (King, et al., 1976) that Monticello's population should
grow to 1900 by 1980, 2200 by 1990 and 2600 people by the year 2000.
The population, of course, could increase much more rapidly if
intensive resource development occurs.

The climate of the area is of the semi-arid or steppe type which
has light precipitation, low relative humidities and large daily and
annual ranges in temperatures.

There are four distinct seasons. Because of the altitude of
Monticello (6980 feet MSL) the summers are normally pleasant. The
average daily temperature ranges about 30 degrees Farenheit. The
daily maximums are usually in the 80 degree range and the night
minimums in the 40 to 60 degree range. Temperatures exceeding 100
degrees Farenheit are rare.

Winters are cold but usually not severé. Temperatures of less
than zero seldom occur. Snowfall is generally light.

There are two separate rainfall seasons. One occurs during the
winter months when Pacific storms frequent the region. The second
occurs in late summer and early fall when moisture from the Gulf of
Mexico moves into the region and develops as showers and thunderstorms.

Winds are normally light to moderate during all seasons.
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Extremely strong winds and gustiness that occur are generally
associated with thunderstorms.

The growing season, or freeze—freé period, is about 120 to 140
days from the middle of May to mid-September (Ashcroft and Richardson,
1975). The principal components of agriculture production in the
area are wheat, livestock and dairy products. Pinto beans are grown
in a limited amount in the area east and south of Monticello
(Richardson, 1977).

In 1939, the Blue Mountain Irrigation Company sold to Monticello
the water rights for the culinary water system which was constructed
in 1917. This sale included a one cubic foot per second (cfs) water
right from Pole Canyon Spring, Bankhead Spring, Innes Spring, and the
Copper Queen or Peachman Spring in the North Creek drainage. Monti-
cello also obtained water rights to waters diverted from Potato
Patch Spring, Gold Queen Spring, Abajo Spring as well as waters from
Upper South Creek and Lower South Creek.

The combined flows from these springs and creeks are piped to
two (50 acre-foot and 25 acre-foot} open reservoirs for storage.
Excess flow from these two reservoirs is piped to another open
reservoir to be used for irrigational purposes at schools and the
municipal golf course.

The 50 acre-foot storage reservoir was constructed in 1974.
Design was for 2:1 side slopes and an impermeable synthetic liner.
Because funds were not available, the liner was not installed. Later
a bentonite clay layer was applied as a sealer, but the reservoir

still had leakage problems. The 25 acre—-foot reservoir was constructed
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with a synthetic liner and is performing adequately. A propeller—type
meter has been installed at the inflow to the storage system and daily
records are available for the period from 1966 to the present.

Water from the storage system is treated and piped to a 500,000
gallon covered storage tank. The treated water is also metered.
Storage in the covered tank is ignored because it makes up only about
ten percent of the daily demand on the system. The system is entirely
gravity fed and there are no pumps in the system.

The existing water storage is necessary because of the fluctu—
ations in annual precipitation. As a result of the 1977 drought, the
city is in the process of drilling five new wells which are expected
to double the existing supply capabilities. One new well south of the
city is expected to reach a depth of 1500 feet and produce 400 to 500
gallons per minute (gpm).

The residents of Monticello rely upon the city culinary supply
system for household use as well as for lawn and garden irrigation.
Furnished demand (F) defined as the amount of water treated for use.
Historically there has been some spill after treatment but these
amounts are insignificant when compared to monthly average demand.

The furnished demand values for Monticello are found in Table 3.

Orangeville. Orangeville is located in southeastern Utah on
the western edge of the Castle Valley. This valley is oriented
northeast to southwest and is about 20-25 miles wide.

The city is surrounded by mountains, with the Wasatch Plateau

rising immediately to the west to elevations more than 11,000 feet

MSL. To the east, the Red Plateau rises some 7500 feet MSIL.
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The population of Orangeville in 1970 was 511, in 1973 it was
614 and in 1975, 655 residents inhabited the city (U.S. Department of
Commerce, Bureau of Census, 1977).

The climate of the QOrangeville area is of the semi-arid type.

The major features of the climate are light precipitation, abundant
sunshine, low relative humidity and relatively light winds. The four
seasons are well defined with winters being cold and dry. Temperatures
below zero every winter and at times even drop below ~10 degrees
Fahrenheit. The annual snowfall is normally light (Richardson, 1977).

Summer temperatures are relatively cool resulting from the
elevation of Orangeville. Maximum daily temperatures are usually in
the 80 degree range and the minimum temperatures in the 50 degree
Fahrenheit range. Temperatures exceed 90 degrees infrequently.

The principal rainfall season is the summer and early fall when
moisture from the Gulf of Mexico results in showers and thunderstorms.
The surrounding mountain ranges are a definite contributing factor to
the thunderstorms. In much of the valley area, August is the only
month with precipitation exceeding 1 inch,

Winds are generally light to moderate in all seasons. In the
spring time, when low pressure storms occasionally move through the
region, strong southerly winds may blow for several days at a time.
Extremely strong winds which rarely occur are associated with thunder-
storms.

The freeze~free, or growing season is 120 to 140 days in length,

extending from mid-May to mid-September (Ashcroft and Richardson,
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1975). Farm production is based around livestock and livestock
products. Wheat and hay are the most important agricultural crops.

The Orangeville City culinary water supply is taken directly
from Cottonwood Creek. The water is treated, stored in a small
(500,000 gallon) covered reservoir and then piped to the city
residents. The amount of water treated daily is metered and recorded.
The total amount of treated water each month for the 1969-1977 period
is used in the drought severity index calculation as the furnished

demand (Fm).

Irrigation studies

Pilot studies of drrigational water supply systems include:

1. Milford, Utah area, which includes the farm lands served
by pumped wells for‘water supply,

2. Oberto Ditch area, near Helper, Utah, which farm lands
receive water from storage facilities in Schofield Reservoir as well
as surface runoff, and

3. lLogan, Utah area, including the farm lands served by the
Logan, Hyde Park and Smithfield Canal Company which has no water

storage facilities and depends upon surface runoff.

Milford irrigation area. The Milford area and climate have

been described in some detail under the Milford City discussion above.
The area of groundwater pumping for irrigational purposes studied
here lies south of the City. The unconsolidated materials underlying
the valley contain the principle groundwater reservoir. This

reservoir consists of three high-permeability zones separated by
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low permeability zones. Water pumped from the reservoir provide
essentially all of the irrigation needs of the area.

The irrigation system studied is composed of 158 metered wells of
various sizes and capacities in the Milford area. These wells are
supervised by the Milford Water Commissioners and the records compiled
are located in the State of Utah, State Engineer's Office in Salt
Lake City, Utah. The system has records available from 1958 to the
present.

One of the difficulties of administering a large irrigation
area concerns problems associated with enforcing of the amount of
water that can be pumped. In the Milford valley this criteria was
originally set at 3 acre-feet of water per acre. This figure was
later revised upward to 4 acre-feet per acre (State Engineers Office,
State of Utah, 1977). The water must be used on the acreage for which
it is legally appropriated.

A monthly accounting of the metered system was not obtainable.
Only the irrigation season total pumpage was available. Though horse-
power ratings, rate structures and well pump efficiencies were not
included in the calculations, their inclusion in further studies
should improve the resulting use values.

The furnished demand (F) is defined as the average pumpage for
all of the irrigation wells for the particular irrigation season.

The total demand (D) is the calculated demand using the Blaney~Criddle

method described above.
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The Oberto Ditch irrigation area. Helper is located in the north-

western area of the Price River Valley some 110 miles south and east of
Salt Lake City, Utah. Helper is surrounded by steep mountains ranging

between 9,000 and 10,000 feet MSL. The Wasatch Plateau rises 10 to 15

miles to the west of the city with peaks rising to over 12,000 feet.

The mountainous terrain has a sigﬁificant influence upon the
weather of the region, acting as a barrier to approaching storms. The
weather and seasons are much like that of the Orangeville area. The
climate is continental and dry with large ranges in daily temperature.
Summer time maximum temperature sometimes reach 100 degrees and winters
are cold and uncomfortable with minimum temperature reaching 15 to 20
degrees below zero Fahrenheit. The growing season averages about four
months, extending from May through September.

The Oberto Ditch is a small canal that diverts water from the
Price River. It was chosen for this study because: (1) records exist
from 1942 to the present, (2) the canal has storage facilities in
Schofield Reservoir, and (3) the number of acres irrigated is known.
Monthly diversion records exist for the Oberto Ditch, but were not
used. The reason for this is because it was not possible to separate
the amount of water used which were previously stored in the reservoir
and the flow of the Price River. The seasonal amounts used from the
reservoir and Price River are available from records in the State
Engineer's Office, State of Utah (1972). These records show 17 water
right records on file for the Oberto Ditch. The total acreage shown

for the rights is 50.12 acres. Five supplemental claims are filed
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above. Were these amounts totaled, they would sum to 66.84 acres,

the amount of acres shown on the records for the 1942-1948 period.

The Logan irrigational area. The Logan area is located near the

northeastern border of Utah in Cache Valley. The valley drainage basin
covers about 1840 square miles. Although groundwater plays an important
part in agricultural irrigation, it is the surface flows and drainage

of the Logan River that are of concern in this study.

Logan River drains approximately 218 square miles, Average
discharge near its entrance into the Cache Valley is about 285 cfs.

The extremes of river flow range from a maximum of 2480 cfs to a
minimum of 61 cfs.

Many canals have been constructed since the settling of the valley.
These canals divert water from the Logan River for irrigational use.
The construction of the Logan, Hyde Park and Smithfield Canal began
in 1882 (Fifield, 1977). The object of the Canal Company was to
divert waters from the Logan River at a high elevation so that the
benchland on the east side of Cache Valley might be irrigated.

In the early 1900's dispute of priorities and water rights caused
much contention. As a result, Judge James N. Kimball settled the
disputes by decree. At flows above 367.9 cfs, the Logan, Hyde Park
and Smithfield Canal Company can claim their full water right of
124.2 cfs (Haws, 1965). At 367.9 cfs and below, the Canal Company
is required to share with other users on a proportional basis accord-
ing to the Kimball Decree (Haws, 1965).

Although, population projections imply increases in Cache Valley

in the future, these projections are of little value in this study.



-~
K

65

The reason is because the amount of water available for use under the
canal is specifically defined by &ater right and decree. The water
right may be sold or transferred, but the existing water right may not
be exceeded.

The climate of the Logan area is reflected in the following
summary prepared by Richardson (1971) for the City of Logan:

The city of Logan is located on benchland on the east side
of Cache Valley in northern Utah. The valley is quite level,
about 30 miles long and 10 to 15 miles wide. It is open to
the north and is blessed with bountiful water resources
including streams from the rugged Wasatch Mountains on the
east and south. Bear River, which enters from the north,
leaves the valley on its way to Great Salt Lake about midway
on the west side between additional high ranges.

Irrigation water to supplement natural precipitation is
usually in abundance and plays a prominent role in placing
Cache Valley among the leading dairy districts in the United
States. Alfalfa is the chief crop supplemented by grains
and other feeds. Sugar beets, canning peas, potatoes and
many other items also play a vital role in the welfare of
the valley.

The Logan River skirts the southern edge of the City
of Logan and, although the mountains rise abruptly to the
east, flood hazards are not serious. Logan Peak, less than
six miles away, towers 5,000 feet above the city.

Winters are usually cold but not severe. The valley is
sheltered somewhat from cold Canadian air masses by the
blocking effect on the Continental Divide and other mountain
ranges. Winter sports and outdoor activities are pursued
avidly throughout the season.

Spring is the wettest season of the year. Nearly 40%
of annual total precipitation falls in March, April and May.
Due to its low variability, a large degree of dependence
can be placed on the seasons moisture supply. Only one year
in ten receives less than two-thirds of the normal amount.

Summer arrives rather abruptly the first part of June
with warmer and drier weather. Extremes of heat or pro-
longed hot spells are virtually unknown. Mountains to the
south and southwest . and Great Salt Lake about 30 miles
distant, help to deflect or moderate warm air currents
from this quadrant. HNights are cool and humidity relatively
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low in the daytime. Maximum temperature of 100° or higher

have been recorded only five times in the history of the

station, the last time in July 1934.

Crisp, cool weather ushers in the Fall season and frosts
can be expected rather early, usually before mid-October. The
earliest occurrence of freezing temperature or lower is

‘ September 15. Spring frosts, likewise, tend to linger on,
which shortens the growing season. There is a 50% probability
of freezing temperatures after the first week in May, and

a minimum of 32° or lower has been recorded as late as June

12. (p. 1)

The water supply system for Logan, Hyde Park and Smithfield Canal
Company consists of a canal that intercepts the Logan River in Logan
Canyon approximately 3.8 miles east of Logan City. The canal is
nearly 100 years old, and though frequent repairs have been made
through time, the canal could be considerably upgraded and improved.

The furnished demand (F) is defined for this irrigation system
as the total measured volume of water diverted monthly at the canal
head. The demand (D) used in the severity index is the monthly

consumptive use value for the growing season, calculated for the

Logan, Utah area.

Irrigation studies for planning purposes

A pilot study is conducted for the Logan, Utah, irrigational
area to develop a technique for projecting water supply characteristics
and drought probabilities into the future.

In choosing a model to use in generating long-term synthetic
streamflow data for planning purposes, many choices are available.
Simulation techniques using models representing physical systems are
very popular in operational hydrology (Fleming, 1975), but because of

the large initialization requirements and the control of those
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requirements, makes use of this type of model impractical for generating
long periods of synthetic data. Better is the use of a stochastic
model which willrretain the salient hydrologic properties of historical
streamflow data. Models such as the Markov process, moving average
process, fractional Gaussian noise and the autoregressive integrated
moving average (ARIMA) process. Frém the standpoint of synthetic
hydrology, the ARIMA processes are (a) simple to generate, (b) retain
the characteristics of historical data, (c) can accommodate seasonality,
trends and cycles, and (d) may be considered as approximations to
fractional Gaussian noise (0'Connell, 1974, and Box and Jenkins, 1970).

The water supply chosen for this study is the Logan River near
Logan, Utah. This stream has a seasonal, natural flow and excellent
records have been maintained for over 80 years. Three small, run-of-
the~river dams have been constrﬁcted on the Logan River and are in the
order of 40 to 70 years in age. There is little control of the river.
Figure 2 shows the seasonal variation of the stream for the Logan
River from 1901 to 1977. The peak flows represent the snow-melt
pattern associated with the warm temperatures of late spring and early
summer.

Additional evidence of the seasonality of the stream is found

in the autocorrelation pattern of the data. The autocorrelation of
lag X is a method to measure the correlation of the data at K time
units apart. The autocorrelation are dimensionless and take on values
between +1 and -1. An autocorrelation value of +1 indicates that the
data which have a common lag K and are perfectly correlated. A -1
demonstrates that there is a perfect negative correlation. Auto-

correlation of 0 illustrates no correlation at a lag K.
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Figure 3 shows an example autocorrelation matrix and its resulting

autocorrelation function. The autocorrelation equation is:

N-K
- ! (2-2) Qg = D
- r, = =1 R ¢ 13
K N _ '
) -
t=1 °©
where:
ry < the autocorrelation of lag X

N = the number of observations
7. = the data value for month t
Z = the sample mean for the data (Zt) values

K = the lag in time periods (months)

Figure 4 represents the auto-correlations of the monthly stream—
flow of the Logan River for 24 months. The strong positive and negative

autocorrelations of the data are evident. The autoregressive nature of

-

the data makes it possible to develop a model that adequately describes
the data. Using the model developed, synthetic data can be generated
that retain the statistical characteristics of the historical record
(Ellis, 1977a).

To satisfactorily characterize streamflow the Box~Jenkins
univariate time series methodology (Box and Jenkins, 1970; Nelson,
1973) is used. The general model has been used for business, economics,
management science and industrial engineering applications. The model
is now becoming popular in the fields of hydrology and water resources.

Trends, seasonality, cycles and non-stationarity are accommodated by

[
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Source: Box, George E. P. and Gwilynn M. Jenkins. 1970. Time Series
Analysis Forecasting and Control. Holden-Day, San Francisco.
p- 31.

Figure 4. An example autocorrelation matrix and its resulting auto-
correlation function where p, is the autocorrelation
coefficient and k represents the lag.
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the model. Therefore, assumptions need not be made about the
characteristics of the time series. The model is instead adapted to
fit the patterns of the time series. The general form of the model
(see Box and Jenkins, 1970, Chapters 3, 4, and 9) is:

'

hn. a4 P P, RN A
(1-¢,B~-... ¢PB ) (1 ¢’B ce ¢p BY ) (1 - BY) Z,

—0'pe  —aordy (1 - o' ' o4
eo + (l @ B . s @qB ) (l @' oocqu )at L (15)

where

¢iBi = Regular autoregressive term for data auto correlations
of lag 1.

B = Backspace operator

¢iBi = Seasonal autoregressive term of lag i.

(l—BS)d£ = g sequence of dg seasonal difference of period s.

ét = Zt (the data value for the time period t) if d or dg is
‘nonzero or Zt = Zt - @ if both d and dz are zero

M = Series mean

Oo = A deterministic trend constant

@iBi = A regular moving average term of lag i for the
residual error ag.

@;Bi = A seasonal moving average term of lag i for the
residual error a.

a, = Random error or the residual error which affects the

model at time .

The (1 - ¢iBl) term is the regular autoregressive term for lag i and

' e
i
detrends steady monthly growth in the time series. The (1 - ¢iB )
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term is the seasonal autoregressive term and detrends steady seasonal
growth. The (1 - BS)de term differences the data to stabilize seasonal
data variations. The deterministic trend constant OO, insures that the
residual errors have a mean of zero in a non-stationary time series.
The (1 - OiBi) and (1 - O;Bi) are the regular and seasonal moving
average terms for lag i for the residual error a, and are used to
remove residual error patterns in the data.

The application of the methodology to the Logan River time series
data requires:

1. Selecting the appropriate time series to be modeled.

2. Subjectively selecting a candidate model.

3. Estimating the parameters ¢i, ¢;, U, OO, Oi and Oi using
nonlinear regression analysis.

4, Diagnostic checking of the model for consistency and suit-
ability.

Monthly time series data for the Logan River is readily available
from 1901 through 1977. This period is represented by 924 monthly
data points. In the interest of economy of time and resources, the
25 year period (300 monthly data points) from 1952 to 1977 is used.
Three hundred data points are quite adequate for model development.

To be certain that the data used is representative of the 1901 to 1977
period, a non-parametric ranking test, the '"U-test," is used (U.S.
Department of Agriculture, 1964), The U-test is a simple,
distribution-free method of testing for the representativeness of
sample data. To perform the U-test, the 924 monthly streamflows are
ranked in decreasing order. The sum of the rank numbers (Ta) for the

period 1952 to 1977 is 147,512. The number of data points in the
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period is denoted as a = 300 and the remaining number of data points as

b = 624. The U-test statistic is calculated as

a(a+l)

U=ab+ | >

(16)

.

] - T = 84838 . . .
a

When the hypothesis that the distributions of the two periods are
identical is true, the random variable (U) will have a normal distribu-

tion with the mean

U= 959-= 93600 ) ) ) . ) ) ) (17)
and variance
oi =ab ( -a~*1—§'—‘”-i ) = 14,430,000 ... as)

For the Logan River data, O, = 3798.68, and the statistic t is

U-U
g
u

£ = = -2.31 . . . . . . . (19)

the probability of a value of t greater tham + 2.31, with more than
120 degrees of freedom, is greater than 98 percent (Snedecor and
Cochran, 1971). The conclusion drawn is that the 1952-1977 data for
the Logan River has the same frequency and is therefore representative
of the period 1901 to 1951.

The iterative procedure of selecting, estimating and checking is

started with a simple model. For our purposes the model
X = u=a . . . . . . .. (20)

is used as a beginning. The estimation of parameters is accomplished

through the utilization of computer programs developed by Pack, et al.
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(1972) and revised by Ellis (1977b). Diagnostic checking includes:

a.

The standard deviation test. This is a test to see if
the residual autocorrelations are within two standard
deviations of zero (Ellis, 1977b).

The goodness-of-fit test. In an adequate model the sums
of squares of the residual autocorrelations will have a
chi-square distribution if the residual autocorrelations
have a normal distribution with a mean of zero (Ellis,
1977a). 1If the residual autocorrelation of lag k is
defined as r, and N is defined as the number of data
points remaining after all differencing in the model,
then in equation

75

)
Q=N ) r . . . . . . . . (21)
k
k=1

Q will have a chi-square distribution with (K-m) degrees
of freedom, where m is the number of parameters included
in the model. '

Correlation Matrix of the Parameters. The off-diagonal
values in the correlation matrix should be near zero
if model parameters are uncorrelated with each other.

Overfitting. After obtaining an adequate model, a more
elaborate model is fit which contains additional
parameters in the direction of possible discrepancy.

If analysis fails to show additions are necessary, then
the model is "correct'" (Box and Jenkins, 1970).

Parsimony. To be prodigal in the use of parameters
leads to instability and inaccurate model parameter
estimations. An adequate model is desirable that only
includes necessary parameters (Nelson, 1973 and Box
and Jenkins, 1970, pp. 378-380).

Two adequate models are developed for the Logan River through

_iterative procedure.

Model 2.

Model 2 is written as:

this

For clarity, they are referred to as Model 1 and

12 _ ; ¢ ol2 . 29
Q- ¢B) (1-B92 = (1L-8,8) (L-28],87)a (22)

where parameter estimates are:
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¢l = 0.70746

6, = 0.18135
' =

812 0.79591

The first 24 residual autocorrelations are within two standard devi-

ations of zero as shown in Table 10. To test the goodness-of-fit, the

 value of Q2 for Model 2 is 6.0137, with 21 degrees of freedom. A

hypothesis that the residual autocorrelation is normally distributed
with a mean of zero would not be rejected at the o = 0.995 level
(Snedecor and Cochran, 1971).

The correlation matrix of the parameters of Model 2 shows some
correlation (0.5430) between parameter 1 (¢) and parameter 2 (62).
Other parameters are not significantly correlated. Overfitting and

parsimony are tested in relation to Model 1.

Parameter
1 2 3
1 1.0000
Parameter 2 0.5430  1.0000
3 -0.0611 -0.0287 1.0000

Figure 6. Model 2, correlation matrix of parameters.
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Table 10. Model 2, autocorrelations of the residual errors.

Lags 1~12 0.00 -0.060 -0.02 0.00 0.02 0.00 0.00 -0.02 0.0p 0.05 ~0.01 0.01
Std. Dev. 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Lags 2~24 0.03 -0.0% -0.01 -0.00 0.01 -0.01 0.01 -0.02 0.02 -0.08 -0.08 -0.04
Std. Dev. 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Table 11. Model 1, autocorrelations of the residual error

Lags 1-12 0.07 -0.13 =-0.00 0.02 0.03 0.01 0.00 -0.02 0.02 0.06 =-0.01 0.01
Std. Dev. 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Lags 2-24 0.03 -0.01 -0.02 -0.00 0.0@¥ =0.00 0.00 =-0.01 0.02 -0.07 -0.09 -0.03
Std. Dev. 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

LL
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Model 1 is written as:
12 _ 12
(1 - ¢lB) (1L -B )z, = (1- 8,,B )at . . . (23)

where parameter estimates are:
¢l = (0.63157

812 = (.80365

The first 24 residual autocorrelations are found in Table 11 and only
the second residual autocorrelation is slightly beyond two standard
deviations of zero. For the first 24 residual autocorrelations, the
value of Q for the chi-square goodness-of-fit test is 12,524 with 22
degrees of freedom. The hypothesis that the set of residual auto-
correlations is normally distributed with a mean of zero would not be
rejected at the o = 0.900 level (Snedecor and Cochran, 1971). The
correlation matrix of the parameters of Model 1 in Figure 5 shows no

significant correlation between the parameters.

Parameter
1 2
1 1.0000
Parameter
2 -0.0641 1.0000

Figure 7. Model 1, correlation matrix of parameters
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Model 2 can be considered as a case of Model 1 which has been
overfit., It is true that Model 2 does "fit" the time series data
"better" when considering only the standard deviation and the goodness-
of-fit tests described above. However, in Model 2 parameters 1 and 2
are correlated to some degree which raises the question if both are
really necessary to model the time series. In addition, parsimoneonsly,
Model 1 is a "better" model. In the interest of parsimony and realizing
the very slight difference between ﬁhe significance levels of the
chi-square goodness-of-fit (a = 0.995 for Model 2 and o = 0.900 for
Model 1), Model 1 is chosen as the model with which to generate
synthetic streamflow data for the Logan River.

Model 1 (Equation 21) can be rewritten by using "'backspace
algebra" (Nelson, 1973) so that the data value, Zt is a function of

the previous data values and residuals.

Ze = 0K 7 0203 T Zigp T 0030 T 3 .. 24)

When the parameter values estimated from the historical time series

are substituted in, the equation becomes:

) + Z + a (25)

z, = 0.63157 (2__, - 1t e,

, + 0.80365 a__

2e-13 t-1

With the model in this form, synthetic streamflow values (Zt) can be
readily generated. This is accomplished by initializing the data
values and choosing random error values that will be normally

distributed with a mean of zero.
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As noted in 0'Connell (1974), after differencing the ARIMA process

may be formulated as
zt -, = ¢1(zt~l - uz) + 0,0, (at - 812 at—l) . (26)

where M, and GZ are the mean and standard deviation of the process.

When the term a_ is an independent random variable with zero mean and

t

unit variance, 9, ig defined by

2
o} a - 5 . . . . . (27)
(1-2 ¢y 61, +615)

which insures that Zt will have variance Gi.

The data values (Zt) for each month are initialized using the
expected value of flow for each month. The error terms are initialized
at zero to start the process. To eliminate any bias resulting from the
initialization of the model in this manner; the first 20 years of
generated monthly data (240 values) are removed, and only the following
200 years of synthetic monthly data are used to evaluate future drought
conditions., These 200 years of synthetic data are tested against the
1952-1977 historical record (see ''U-test' above). Results of the
U-test are found in Table 12. The probability of a value of t greater
than + 16.03 or any of the other results, is greater than 99 percent
and the resulting conclusion is that the synthetic data has the same
frequency and is representative of the historical record. In additiom,
the mean and standard deviation for the historical period 1901-1977 are
16,071 and 14,468 acre-feet which compare well with the mean and
standard deviation (16,071 and 14,476 acre~feet) of the synthetic

200 year record.
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Table 12. Results of U-test. Synthetic data (a) in 50 year periods
are tested against historical data (b).

1st Period 2nd Period 3rd Period 4th Period
U 90,000 90,000 90,000 90,000
O, 3676.28 3676.28 3676.28 3676.28
Ta 207,946 215,811 198,183 194,081
a 600 600 600 600
b 300 300 300 300
U 17,204 9,339 26,967 31,069
t -19.80 ~21.94 -17.15 -16.03

Because the synthetic values depend upon previously generated

values (Z zt—lZ’ and Zt—l3) as well as the random error terms a

-1’ t

and a__qq» at times the synthetic Zt value will be negative. Though
negative flows are not permitted, the author believes that the
generated negative values are important and should be considered. This
is accomplished by replacing the negative flow value by a flow

representing a streamflow recession from the previous month as

Z, = exp [exp{ln[ln(zt_l)] - 0.025}] . . . (28)
where
Zt = the wvalue replacing the negative streamflow value
Zt—l = the previous month's streamflow value
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exp = the exponential function, or exp = 2,71828
In = natural logarithm function
0.025 = an empirically derived recession function.

For example, if the value for Zt is negative, and the previous wvalue
(zt~l) is 9000 acre-feet, the new Z, is derived as

2.184 = 1n (1n 9000) ~ 0.025

2y

exp (exp 2.184) = 7188 acre-feet.
Other values representing streamflow for the Logan River are used as
generated.

With the synthetic streamflow data for the Logan River, the
drought severity and the drought vulnerability indices may be calcula—
ted using the methodology adopted for the irrigation areas which rely
upon the Logan, Hyde Park and Smithfield Canal. Historically,
diversions to the canal from the Logan River during drought condi-
tions have been based upon the Kimball Decree (Haws, 1965). This
degree was adopted in 1923 to confirm existing water rights on the
stream and to adjudicate streamflow among the many users. The decree
has remained in force with minor changes. For the Logan, Hyde Park
and Smithfield Canal Company, the decree allows diversion of 103.2
cfs on an 1860 priority water right and an additional 21,0 cfs on water
right applications with a priority of 1928, The entity can divert the
total 124.2 cfs at times when the Logan River flow exceeds 367.9 cfs.
At flows below this amount the Canal Company may only divert a
percentage of streamflow, according to Schedule A of the Kimball
Decree as shown in Figure 7. 1In practice (Haws, 1978), the amount of

water diverted by the water users of the Logan River is determined as



Reviasd Sehedule VAN
Himball Decree . October 21, 1365
Fiawx in Luogan Faver

Awvars
o BEY) ’ Aspropeia 100 110 10 L0 143 150 160 170 180 190 208 210 220 230 240 250
134 Logan Tity 18.¢ 10,0 15,3 133 1.3 12,2 0.0 10‘0. 0.6 10.0 6.0 10.¢ 10,0 16.0 10.0 0.9
2ls tegan Hyde Park
& Smathiield 20,2 22.4 246 269 29.i 3.4 33b 35,3 381 403 4.5 44,8 47.0 49.4 51.8 53.7
219 Lagan Northeen 22.9 5.4 274 M5 330 35.5 381 40,6 432 457 48.2  50.4 53.3 56.0 58.4 61.0
224 Logan Hollow 0.4 8.6 0.7 0.7 0.9 2.9 0.9 1.0 11 a .2 12 1.3 .3 1.4 1.4
228 Provadence-lojan 3.2 3.6 3.3 4.3 4.6 4.0 5.3 5.7 6.0 6.4 6.8 7.1 1.8 1.8 3.2 8.6
/ \, 8th Ward Diversons 4.7 46.5 51,2 55.3 0.5 a5t 9.8 .4 TS0 8.7 48,3 93.0 51.7 102.4 197.0 11,6
ans Logan Island 5.9 7.7 8.4 3.2 18,3 4. 115 2.3 130 138 4.6 15.3 is.1 16.3 17,7 8.4
2 Tth Ward 8.7 0.8 0.3 0.9 1.¢ 1. 1.2 1.2 1.3 b4 1.5 1.6 1.6 1.7 i.8 1.9
122 Hyde Park & Logan
Northfield 4.8 1s.3 18,1 138 21,4 23.0  24.7 6.3 28,0 9.8 31.3 32,9 34.6 36.2 3%.9 39,5
227 Thatcher ler, Go. 9.3 0.3 .3 0.4 o4 0.4 ¢.5 0.3 0.5 0.5 0.6 e.6 0.7 Q.7 6.7 9.8
213 Logan Northwest
\'" Field & Benann 5.5 7.3 19.0 20,7 2.4 4.2 259 27.6  29.3 i1y 2.8 345 38.2 34,8 9.7 4.4
) Southwes: Field 3.8 4.3 4.4 4.8 5.2 5.8 4.9 8.3 6.8 T.2 1.6 8.9 8.4 3.8 8.2 9.6
Logan Cow Pasiure “ - - - - - - - - - - - M - - .
221 Proviudencesfanrer 1.4 L3 S 1.8 2.0 2.1 2.3 2.5 2.8 2.3 2.9 LR 1.2 3.4 3.5 3.7
117 Myrum Gipbons .8 9 ] . o 3 .0 -8 0 -0 ] .3 L3 .8 ] o

Pawnr Rignty

Urah Power & Lignt 9.3 77.6 454 93,1 100,9 08,6 (16,4  124.2 131.9 139.7 1474 1552  163.0 1M.6  178.5 1861

L
~7 Central Milling 22.7 25,04 8.2 0.5 333 b3 I w3 40,5 4303 4B6.7 48.1 50.3 53.3 56.2 54.3 83.3
Crawther 3ras, [ I I 235 I3 a LY.h PRI 2.0 4.3 AL IS} 38y 40,4 42,7 4.7 47 i ET 31,
“ont,, P. 2, Revised Schedule “A7, Kimball Decree, Flow in Logan River
Avward
Na. Appropriations 260 270 280 290 300 3i0 328 330 340 350 360 310 180 s 400
-
.:~“ 234 Logan Jidy 13.0 0.9 10.0 180 10.0 18,0 1¢.8 0.9 8.y 10.9 0.0 6.0 0.0 0.0 1¢.9
i1s logan, Hyde Park 56,0 57.3  59.3 59.% 78.3 3.3 19.8 34,3 88.8 43,3 37.8 192.3 103.2 109.3 116.0
& Srnashiicld
219 ifogan Northern 63,3 A5.0  6T.5 §2,3 78.3 79.8 7%.8 84.3 838.8 93.38 97.8 102.3 103.2 106.1 149.4
224 Logan Hollow 1.6 .6 1.7 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.5 2.5 2.5
220 Pravidence~Logan 9.8 2.2 8.5 3.5 10.1 10,7 1.4 12.8 i2.6 13.3 13.% 14.6 4.7 14.7 4.7
o Atk Wacd Diversions 116.3 115.0 123.3 123.8 128.4 128. 4 128.4 128.4 128.4 128.4 i28.4 1ZB.4 136.4 137.4 137.4
e 228 Logan {atand 13,2 19.6 204 20.4 21.2 2.2 21.2 1.2 21.2 28,2 21.2 2r.2 28.9 21.4 21.4
226 7th Ward L. 2.0 ES 2.1 2.2 2.2 2.2 2.2 z,2 .2 2.2 2.3 2.0 2.0 2.9
222 Hyde Park & Logan
Northfieid 41,2 42.1 43.2 4).8 455 45.5 45,5 45.5 45.4 45,5 45.8% 45,8 44.7 45.0 45.0
27 Thatcher [rr. Co. 2.8 g 8 Q.8 2.8 0.9 2.9 e 9 0.9 0.9 4.3 0.9 8.9 o.8 0.8 8.8
<23 La2gan Northwess
Fieid & Benson 431 447 6.0 6.0  47.6 7.6 47.6 7.8 47,6 47.6 41.6 47 .4 47.3 *7.7 47.7
C Southwest Field 1.0 10} 18.7 1.7 1.8 1.0 1.3 11.0 1.0 1.0 11.¢ 1.0 19.8 10.4% 10,93
Losgan Cow Pasturs = - . - . - - - - - . - 8.7 8.9 8.9
231 Providence-Pusneer 3.3 3.2 4.3 4.1 5.3 4,4 4.6 4.3 5.2 ER 5.7 5.9 &.2 5.0 5.0
217 Hyrum Jibbine .2 o 4.9 4.J 4,9 +. 4.0 4.9 400 4.0 4.0 4.4 4.0 4.0 4.3
P Purow: ¢ Hights
Uwah Power & Light I94,4 200.0 230.9 00,9 200.7 0.0 130.0 200.0 1003 200.0 06,3 06,0 20{;,0 200.0 200.0
C Central Mulling &3.3 539 %62 HB.5  TO 4 T34 1.4 T0.4 TG A 0.4 0.4 @4 T0.4 70.4 10.4
Crowther Svus, $3.4 Yhon 3.4 87,3 N, R b e s N Trte T K et -roe
Source: Daines, Spencer H. 1966. Annual Report of Logan River Dist-
ribution System. State of Utah, Office of State Engineer.
Logan, Utah,
®
Figure 8. Schedule A, Kimball Decree
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a percentage of the total streamflow, regardless of the time of the
irrigation season. These percentages for the Logan, Hyde Park and
Smithfield Canal are:

a. 28.05 percent, when the Logan River flow is less than
367.9 cfs, but greater than 297.8 cfs,

b. 25.52 percent, when the Logan River flow is less than
297.8 cfs, but greater than 268.0 cfs,

C. and 22,39 percent, when the Logan River flow is less
than 268.0 cfs.

It must be realized that actual diversions are dependent not only upon
water rights, but upon canal capacity, recent rainfall, air tempera-
tures, convenience of the water coﬁmissioner, politics, and many other
factors as well. 1In addition, the water commissioner determings the
distribution of the Logan River water on a daily basis. The actual
percentages of monthly streamflow diverted to the Logan, Hyde Park
and Smithfield Canal are found in Table 13 for the period 1931 through
1977. A water commissioner has been available from 1961 to the
present to control the diversion from the river and therefore, it is
expected that diversions during the period 1961 to 1977 are in accord
with the legal requirements. It should be noted that the percentage
of the Logan River flow diverted to the Logan, Hyde Park and Smithfield
Canal is always less than the legal limit. Reasons for this include:
a. Aggregating diversions from daily to monthly averages
masks short-term droughts of less than two weeks,
b. The actual carrying capacity of the canal is limited to the
physical construction of the canal, which capacity may be less than

the legal constraints,
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Table 13. Percentages of Logan River diverted to the Logan, Hyde Park and Smithfield Canal.

MONTHS

Apr May June July Aug Sep
Year A B C A B C A B cC A B C A B c A B C

1931 1090 15230 14,27 4190 S7860 24,94 2780 41090 23,76 1690 22190 22,84 1410 17830 22,52 1100 14690 20,91
193e  wod 11900 35,05 4430 36360 8,22 6190 ST910 10,77 7380 19450 24,12 3910 15130 23.55 1990 12380 15,92
1933 434 15030 4,30 1430 31820 5,86 7680 S4680 15.84 4R10 28060 25,86 2450 18940 19,60 2100 15000 21.5¢
1934 3090 22020 24,16 2850 So140 21,B6 1940 S7180 23,18 1240 34010 19.56 1050 21210 18,37 930 16320 19,58
1935 914 11620 B,16 3010 24170 10,21 6420 33970 17,12 4020 19860 23,77 1950 15430 17,76 145¢ 11780 17,51
1930 b&0 16400 2.71 522¢ 47200 7,16 6340 54000 12,30 6130 29300 25,84 3010 16500 19,31 239¢ 10800 20,31
1937 337 39600 3.37 4Bb0 72400 12.6% S160 96500 16,51 4900 5B100 27,37 232¢ 29400 18,88 1750 19600 18,44
1934 325 145003 1.865 3100 24500 7,27 6B00 44100 16,77 4510 25000 22,99 2520 14500 18,57 1940 9520 19.14
1959 958 24700 S.07 5990 65600 20,90 4380 98300 23,99 2280 505900 19,02 1710 26900 18,51 1530 15100 20,51
ivaG B21 41300 3,23 6ub0 75800 24,41 3530 47200 2¢,09 2070 24100 20,39 15%0  181U0 19,87 1100 13500 17.74
1941 373 22500 5,28 4870 63500 23,14 3460 77100 21,98 1860 32100 18,98 1390 16900 16,91 869 12100 14,85
1%4¢é 87 16000 0,65 797 Sup90 3,94 6420 94900 25,25 2670 46500 19,36 1880 19600 19,69 15%0 14900 20,89
1943 8 21400 0,02 4620 37800 10,13 3770 28500 8,12 6760 18100 25,91 3460 13400 22.99 2060 11100 18,18
1944 0 23000 0,00 2310 57300 8,66 2300 48400 B,41 3400 23800 22.25 1890 1S300 17,71 1550 12600 18,97
194% 148 15100 2.03 2740 20200 9,81 3690 21100 9,48 6370 12500 27,01 2860 4650 20,15 1770 844y 10,00
1S4 804 29800 2,41 5200 46100 10,83 6470 4B4¢0 16,51 S930 29600 27,14 30BU 146500 20.91 1890 12200 16,71
{5a7 od 11900 C.51 3700 37200 8,49 4600 59900 15,20 4780 40500 27.60 2890 20200 23,21 1740 14900 17,83
19ak 1 317300 0,01 2060 34900 #,39 S890 41100 12,76 6120 18700 29,09 3170 13600 22,08 2130 10600 19,01
P4 371 12700 1,99 3270 39000 7,62 5680 24100 17,14 4830 12700 26,32 2950 9830 22,06 2400 8540 22.14
19%0 %47 10906 2,60 1690 S3200 3,34 6130 60400 8,91 6100 26300 15,24 4240 16000 21,42 2200 12600 15,39
1951 838 19200 3,15 1060 SH800 2,0% 6970 74900 15,10 6400 35900 25,82 3040 20700 18,84 2360 15300 19.06
1952 S6 13600 0,28 3650 511060 7,24 6090 60300 13,2% 6036 27000 26,80 3370 17400 22.27 1630 14500 15,51
1955 S88 16200 S,04 2490 S9900 11,51 4370 S0600 10.43 S670 27800 26,71 2670 170600 19,78 1780 15800 17,50
1954 1339 19400 10,61 6360 41500 22,51 4200 21400 24,10 2430 13800 20,02 1670 10600 18,98 1070 8840 15,09
1955 22 15800 0.27 3190 42100 10,7% 5570 30500 19,54 3140 18600 20,81 1960 12600 19,18 1170 10200 15,04
1856 1210 177060 5,35 4100 26700 8,33 5560 17100 13,206 4220 11600 22,30 2089 660 16,50 156y 77¢0 lo,ée
1937 A1 13800 0,357 1070 35%38u0 3,17 4E20 47640 9,70 6120 25000 25,97 254u 14900 17,06 1730 11500 io,02
1954 & 13%G0 0,02 4630 Sui00 9,81 5240 35290 3,46 4290 19100 24,33 2270 13400 18,35 184u 10600 1o.76
1959 480 11200 3,81 4720 37400 18,37 S840 460300 19,51 3040 2200 20,39 2020 13700 19,39 1370 11160 16.31
1960 43 16200 0.27 44B0 25200 14,87 S42¢ 25100 24,00 2340 13900 18,57 (98¢ 10~00 21,22 14%90 B4B0 18,06
1961 432 7640 S,.ET 4660 16800 25,83 3450 11700 23,78 15480 7400 19,36 1250 6260 19,75  94b 5¢b0 17,43
1942 Sa3% 15200 2,10 2AAG 53900 6,B6 IpR0 STH00 0 9,93 740 346un 20,75 2300 tens0d 19,30 FIV0 12500 21,98
1963 52 10100 0.5% 2990 24400 9,36 3790 48500 15,04 3250 18A0D 22,66 2160 1290l 21.54 (420 9740 16,73
%04 209 12790 2,32 1900 13040 6,31 2099 8370 5,34 Hob50 bluy 22,87 253u Q40 1v,57 leoy 4i5v 1,72
196% 1%90 112060 1,05 2790 29470 6,68 4230 37510 6,84 4830 16910 [4,92 3490 10960 19,92 1540 6280 11.30
1900 341 24300 1,569 4400  729%0 13,23 4520 S1560 22,76 2510 23720 20,08 2140 15%90 22.43 loho 11770 21,27
1967 0 10010 0.00 683 35410 2,65 2850 31260 5,42 4900 17900 17,28 3490 12290 22,63 245y 9490 20,89
1908 S 19650 0,09 27%0 43450 9,94 3390 40540 5,52 4460 19620 21,41 2760 13570 19,73 1950 10240 18,16
1909 171 16890 0,86 3970 28660 8,99 3350 18260 11,83 4050 11990 21,95 2790 240 23.04 2000 7460 20,70
1870 24 9940 0,29 1300 26550 3,88 3580 15980 7,37 5050 10150 22,49 3070 T8U0 22.98 938 8540 9,40
1971 2bb 7070 1,05 1530 21050 2,86 2800 15740 3,47 4560 9800 10,42 3360 7350 15,03 839 S85%0 5,18
1972 139 13350 0.57 3690 20230 6,67 4360 25430 6,89 S060 13790 16,465 4690 9550 24,88 2140 7420 14,97
1973 151 29360 1,61 2470 45600 7,34 4300 40440 14,15 5090 26090 29,98 3080 15050 29,80 1220 11330 12,84
1974 334 8760 1,97 3920 g2ob60 6,94 4230 27360 7,28 5550 15280 20,53 4720 10670 26,43 3510 8170 27.3¢
197% 2e 7280 0,28 616 27920 2,16 3490 38920 5,89 5420 23560 12.11 4900 14290 24,94 3810 11020 27.93
1970 58 33360 0,36 2320 48600 5,31 38640 39200 10,76 4700 21850 23,03 3150 14730 23,20 2410 11310 2%,27
1977 1320 12770 16,97 2060 43590 20,32 1960 30270 19,65 1500 17320 22,16 1230 12450 21,43 1010 9760 20,74

A = Logan, Hydepark and Smithfield Canal diversion (Acre-feet)
B = Logan River streamflow (Acre-fcet)
C = Percentage of Logan River flow diverted (percent)

8
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c. Measurements of streamflow and canal diversions are subject

to error (Dickinson, 1967).

In assuming that diversions to the canal will be the maximum allowed
by the legal determinations according to the Logan River streamflow,
is to assume that the physical conditions of the canal and streamflow
measurements are perfect. Nevertheless, drought severity index

calculations are made for these conditions and are found in Appendix

It is more reasonable to assume that the historical diversion
percentages are representative of canal conditions and of the legal
constraints. For the purposes of this study, the average percentage
of flow actually diverted for use by the canal company, from 1961 to
1977 are used to compute the drought severity and vulnerability indices.
Percentages where streamflow exceeded 21,224 acre-feet, were not used
in the calculation. These average percentages and their standard
deviations are found in Table 1l4. When the Logan River streamflow
exceeds 22211 acre-feet month—l (367.9 cfs), the Logan, Hyde Park
and Smithfield Canal is assumed to be maximum as allowed by legal
water rights; 124.2 cfs or 7498 acre-feet month_l. When streamflow
values are less than 22211 acre-feet month—l, the monthly historical
percentages of flow are used. The percentages are assumed to be

representative of future diversions.
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Table 14. Percentage of Logan River streamflow assumed diverted to the
Logan, Hyde Park and Smithfield Canal when monthly flows
are less than 22211 acre-feet.

April May June July Aug. Sept.
Percentage 2.23 10. 30 10.35  19.67  22.04  18.15
Mean
Percentage
Standard 4.05 9.03 8.12 3.84 3.10 6.16
Deviation

Statistical Analysis

Probabilities and distributions

In choosing the probability distribution of the drought severity
index from which the probabilities are derived for the drought
vulnerability index, the drought severity index values for each of
the pilot study situations are analyzed in eight different probability
distributions using computer programs created by Schmidt (1975) and
McKee (1978). 1In order to fit the distributions with actual drought
severity index values within the range of -4 to +l, some being equal

to zero, a linear transform is necessary. The transform chosen is
Sn =8+ 10 . . . . . . . . (29)

where Sn is the transformed drought severity index, S is the calculated

drought severity index and 10 represents the linear transform. The
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chi-square goodness-of-fit test is used to determine which distribution
provides the "best fit" and that distribution is used to represent
the distribution of the drought severity index for all study areas.

The logarithmic-normal distribution was chosen as having the best fit
for the drought severity index (see.Table 16).

The drought vulnerability or probability of exceeding a critical
value S' is calculated for S' = 0 or S; = 10 for the transformed data.
This is done on the computer for the logarithmic-normal distribution

function

2
1 1 {Ilnx -1y
f(x) = ———75 exp |- <—> ] . . 30
< o(2m 172 ,: 2 o (30)

for the interval x = 10 to x = 11 for the transformed data. The
logarithmic-normal mean and standard deviation as derived from the
drought severity index data for each study area used in the distribu-
tion. Asva check, the drought severity index distribution results are
also plotted on logarithmic-probability graph paper and the results

of both methods are tabulated in Table 16 in Chapter IV.

In addition, the probabilities of drought as related to the
duration and extent of drought are calculated for one of the pilot
study areas. This is done using the empirical distribution of the
drought severity index values where the severity equals or exceeds
zero (S > 0). The theory of runs (Yevjevich, 1967) is used to define
the duration and extent of drought (see Figure 1). The probability
of a particular duration of drought is calculated as the frequency
of occurrence for that duration. For example, to obtain the

probability that drought will have a duration of at least four months,
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Table 15. Statistic parameters for the transformed drought severity

index (Sn) values. Linear transform used is Sn = 5 4+ 10.
Standard Skewness
Study Area Mean Deviation  Coefficient
Milford City
at $0.20/KGAL 9.64 0.345 -0.049
0.50/KGAL 9.50 0. 380 ~-0.065
1.00/KGAL 9.38 0.411 -0.082
2.00/KGAL 9.23 0.447 -0.106
Monticello City
at $0.20/KGAL 9.98 0.265 0.005
0.50/KGAL 9.87 0.292 0.007
1.00/KGAL 9.78 0.316 0.009
2.00/KGAL 9.67 0.344 0.011
Orangeville City
at $0.20/KGAL 9.895 0.275 ~0.0164
0.50/KGAL 9.725 0.317 ~0.0250
1.00/KGAL 9.558 0.359 -0.0365
2.00/KGAL - 9.342 0.414 -0.0558
Logan, Hyde Park and Smithfield Canal
Irrigation Season 9.555 0.323 0.0124
Monthly 9.526 0.698 -0.242
Milford Irrigation Area 10.167 0.086 -0.0003
Oberto Ditch Irrigation Area 9.996 0.542 -0.1818
Synthetic Logan, Hyde Park and
Smithfield Canal
Seasonal 8.040 3.979 0.04919
Monthly 7.726 1.369 -0.0225
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Table 16. Results of transformed drought severity index (Sn) values in eight distributions

Normal Distribution Logrithmic-Normal Distribution
Degrees of Significance Degrees of Significance
Study Area Chi-square  freedom level Chi-square freedom level
Milford City
at $0.20/KGAL 6.085 2 0.048 7.27 2 0.026
0.50/KGAL 5.57 2 0.062 6.94 2 0.031
1.00/KGAL 6.50 2 0.039 8.12 2 0.017
2.00/KGAL 6.44 2 0.040 8.28 2 0.016
Monticello City
at $0.20/KGAL 8.35 4 0.080 7.34 4 0.119
0.50/KGAL 7.90 4 0.095 6.82 4 0.146
1.00/KGAL 7.39 4 0.117 6.08 4 0.193
2.00/KGAL 8.71 4 0.069 7.29 4 0.121
Orangeville City
at $0.20/KGAL 4.37 3 0.224 4.93 3 0.176
0.50/KGAL 4,44 3 0.218 5.128 3 0.162
1.00/KGAL 4.82 3 0.185 5.73 3 0.125
2.00/KGAL 4.74 3 0.191 5.83 3 0.120
Logan, Hyde Park and Smith~-
field Canal
Irrigation Season 0.829 2 0.660 0.708 2 0.702
Monthly 20.73 5 0.0009 27.47 5 0
Milford Irrigation Area 1.571 0 0 1.60 0 0
Oberto Ditch Irrigation Area 3.73 2 0.154 4.79 2 0.091
Synthetic Logan, Hyde Park
and Smithfield Canal ‘
Seasonal 22.587 5 0.000405 19,111 5 0.00183
Monthly 81.136 8 0 105.154 7 0

06
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Table 16. (Continued.)

Gamma Distribution

Beta Distribution

Degrees of Significance

Degrees of Significance

Study Area Chi-square freedom level Chi~square freedon level
Milford City
at $0.20/KGAL 6.54 2 0.038 6.99 2 0.030
0.50/KGAL 6.06 2 0.048 6.53 2 0.038
1.00/KGAL 7.08 2 0.029 7.68 2 0.021
2.00/KGAL 7.12 2 0.028 7.78 2 0.020
Monticello City
at $0.20/KGAL 7.63 4 0.106 7.12 4 0.130
0.50/KGAL 7.13 4 0.129 6.58 4 0.159
1.00/KGAL 6.44 4 0.169 5.78 4 0.216
2.00/KGAL 7.69 4 0.103 7.00 4 0.136
Orangeville City
at $0.20/KGAL 4,79 3 0.187 5.22 3 0.156
0.50/KGAL 4,94 3 0.175 5.45 3 0.141
1.00/KGAL 5.46 3 0.141 6.08 3 0.107
2.00/KGAL 5.49 3 0.139 6.24 3 0.100
Logan, Hyde Park and
Smithfield Canal
Irrigation Season 7.24 2 0.696 0.654 2 0.721
Monthly 26.81 5 0.00006 31.02 4 0
Milford Irrigation Area 1.598 0 0 1.623 0 0
Oberto Ditch Irrigation Area 4.08 2 0.130 4.38 2 0.112
Synthetic Logan, Hyde Park
and Smithfield Canal
Seasonal 19.66 5 0.00144 17.518 5 0.003615
Monthly 4,37 7 0 132.134 7 0

16



Table 16, {(Continued.)

Rayleigh Distribution Gambel Distribution
Degrees of Significance Degrees of Significance
Study Area Chi~square freedom level Chi-square freedom level
Milford City
at $0.20/KGAL 470.83 2 0 20.84 2 0
0.50/KGAL 408.31 2 0 19.33 2 0
1.00/KGAL 465.28 4 0 21.35 2 0
2.00/KGAL 409.13 5 0 21.41 2 0
Monticello City
at $0.20/KGAL 799.30 3 0 6.38 3 0.09%4
0.50/KGAL 702.83 3 0 6.72 3 0.081
1.00/KGAL 623,76 3 0 6.26 3 0.099
2.00/KGAL 594.00 5 0 6.06 3 0.108
Orangeville City
at $0.20/KGAL 466,99 1 0.0579 21.95 3 0
0.50/KGAL 377.86 1 0.0579 21.92 3 0
1.00/XGAL 354.82 2 0 22.85 3 0
2.00/KGAL 281.81 2 0 22.83 3 0
Logan, Hyde Park and
Smithfield Canal
Irrigation Season 180.07 0 0 1.64 2 0.439
Monthly 333.87 7 0 107.05 4 0
Milford Irrigation Area 423.06 -1 0 4,921 1 0.084
Oberto Ditch Irrigation Area 67.40 0 0 7.57 1 0.064

Synthetic Logan, Hyde Park
and Smithfield Canal
Seasonal 605.011 7 0 9.29 5 0.098
Monthly 451.27 9 0 213.86 6 0

6



Table 16. (Continued.)

Pearson Type IIL Distribution

Logrithmic-Pearson Type ILI Distribution

Degrees of Significance

Degrees of Significance

Study Area Chi-square  freedom level Chi-square  freedon level
Milford City
at $0.20/KGAL 5.80 1 0.074 6.06 2 0.048
0.50/KGAL 5.23 1 0.080 6.89 2 0.032
1.00/KGAL 5.97 1 0.072 8.25 2 0.016
2.00/KGAL 5.80 1 0.739 8.06 2 0.018
Monticello City
at $0.20/KGAL 8.27 3 0.004 NA
0.50/KGAL 7.80 3 0.005 NA
1.00/KGAL 7.25 3 0.006 NA
2.00/KGAL 8.53 3 0.036 NA
Orangeville City
at $0.20/KGAL 4,25 2 0.119 NA
0.50/KGAL 4.25 2 0.119 112,09 4 0
1.00/KGAL 4.54 2 0.103 4.40 4 0
2.00/KGAL 4.32 2 0.153 6.09 3 0.107
Logan, Hyde Park and
Smithfield Canal
Irrigation Season 0.81 1 0.405 NA
Monthly 13.54% 4 0.008 26.99 5 0
Milford Irrigation Area 1.54 -1 0 KA
Oberto Ditch Irrigation Area 3.22 1 0.131 4.66 2 0.097
Synthetic Logan, Hyde Park
and Smithfield Canal
Seasonal 21.05 4 0.00308 17.63 5 0.0034
Monthly 89.34 7 0 104.83 7 0

£6
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Table 17. Resultsof logarithmic-normal distribution functions and
drought probabilities, using transformed drought severity
index (Sn) data

Resulting Resulting
In-Standard Computed Graphical
Study Area In-Mean Deviation Probabilities Probabilities
Municipalities and Price of Water
Milford $0.20 2.26537 0.0366943 .155093 .13
$0.50 2.25094 0.0410828 .104185 .07
$1.00 2.23769 0.0451622 .075174 .05
$2.00 2.22200 0.0500687 .053533 .03
Monticello
$0.20 2.29984  0.0265509 458716 .43
$0.50 2.28938 (0.0295143 .327170 .28
$1.00 2.27987 0.0322666 « 240595 21
$2.00 2.26851  0.0354967 . 168406 .15
QOrangeville
$0.20 2.29165 0.0281714 . 348867 .30
$80.50 2.27426 0.0331345 .196221 .23
$1.00 2.25673 0.0382018 .114894 .10
$2.00 2.23352  0.0451967 . 063106 .03
Irrigation Areas
Logan, Hyde Park and Smithfield Canal
Seasonal 2.25650 0.0336878 . 085642 .09
Monthly 2.25122 0.0757532 . 222448 .29
Milford Irrigation Area
2.31906 0.00850273 .977275 .94
Oberto Ditch Irrigation Area
2.30074 0.0562726 444794 .40

Synthetic Logan, Hyde Park and Smithfield Canal
Seasonal 2.08329 0.0486761 -000003 .01
Monthly 2.02804  0.1854850 . 046340 .00
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the number of occurrences where the drought severity index equalled or
exceeded zero for at least four months are calculated. This total of
occurrences is then divided by the number of four-month periods to
obtain the desired probability.

To obtain the extent of drought, the sum of the positive drought
severity index values are calculated between successive upcrosses and
downcrosses (Figure 1) and the frequency of these sums determined.

The frequencies are found by dividing the sums of the positive drought
severity index values by the total of the positive and negative sums.

The distributions and resulting probabilities for duration and
extent can be determined by the same procedure as used to determine
the distributions and probabilities of the drought severity index
values. The paucity of data describing the duration and extent of

drought limits this study to one empirical example.

Evaluation Procedures

It is necessary to verify that the drought severity index
indicates drought at various levels of severity. To accomplish this
the drought severity index is compared with the Palmer Drought Index
(Magnuson, 1969; Palmer, 1965 and Richardson, 1977). The drought
severity index is wvalid only for drought conditions for particular
water supplies in Utah. The Palmer Drought Index is a regional
meteorological index for both wet and dry periods which was meant
for use in the agricultural areas of the mid-western United States.
Hence, the two indices, aimed at different goals are not expected to

compare exactly, but during years of extreme drought both indices
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should indicate drought. As an additional check, drought consequences
as they affect public opinion about water generally and agriculture
specifically, are measured by counting the number of related articles
that appeared in a regional, daily newspaper for the 1958-1976 period.
Again, while not being a direct index of drought consequences, the
frequency of articles appearing in the newspaper are compared with the

drought severity index.
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Table 18. Drought Articles, Genmeral (Utah) SL Tribune

]

Year Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

58
59
60
61
62
63
64 1 1
65

66 3 4 1

67

68 ‘ : 1

69 1 1

70

71

72

73 3 1 1

74 1 3 1 1 2 1
75 3 1 1 1 1

76 2 1
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Table 19. Drought Articles Under Agriculture SL Tribune

Year Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Sum

58

59 1
60

61 1 1 1 1
62 1
63 2 2 1

64 2

65

66 1 3 2 1

67

68

69 2

70

71 1

72 3 6 3

73

74 4 3 3 3 1
75

76 1

W
ot

el = XY
[
(W]
b= G U
HOPRONFRFONCOCONOPUKW®EON

|

=




~
.

98

CHAPTER IV

RESULTS AND DISCUSSION

Introduction

The overall objective of the research is to develop relatively
simple and practical methods for imﬁroving the availability and
reliability of information about droughts to those responsible for
water supply management and planning. To achieve this objective a
drought vulnerability index and drought severity index are developed
and tested. For planning purposes, synthetic water supply data is
generated and evaluated using the same methods developed for the
historical water supply data.

This chapter contains four sections. The first and second
sections include the results, discussion and comparisons for the three
municipalities and the three irrigation areas. In the third section,
the planning application, results and discussion are set forth. The
last section contains statistical analyses and application techniques

of the methodology.

Municipality Results and Discussion

Background

Three small municipalities, Milford, Monticello and Orangeville,
Utah, are chosen to test the drought severity and vulnerability indices.

The objective of the study is to calculate the drought indices for each
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city and evaluate the indices in light of the Palmer Drought Index
and public opinion of drought conditions as found in daily newspaper
articles.

Municipal demand (Dm) for the calculation of the drought severity
index is defined in a similar fashion for each community. The demand
function (see Hughes, 1978 and Chapter III above) is determined for the
four prices $0.20, $0.50, $1.00 and $2.00 per thousand gallons for the
municipalities., The only differences in the calculation of the
municipal demand (Dm) are in population size and outside use index.
Furnished demand (¥) is defined as the amount of water used each month
as determined from water treatment plant records or well pump records.
The drought severity index is calculated from these parameters for
each of the four prices of water for each community.

The drought vulnerability index, or the probability of water
ghortage in the immediate future, is determined from the drought
severity index values. The probability of the drought severity index
equaling or exceeding the value where furnished demand equals the
municipal demand (S8 > 0) are calculated for each community at the
four prices of water noted above.

In all cases, the historical water supply record as well as the
calculated drought severity index value are included in Appendix B.
Graphical plots of the drought severity index for the different
prices are included with the discussion of each municipality. A

comparison of the results for the three communities is also included.
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Milford City

Milford City is located in west-central Utah and the climate is
generally hot and dry. Culinary water in Milford is priced such that
all residents pay the same rate each month regardless of the amount of
water used, Water is pumped from ground-water supplies as needed and
there is a small storage (310,000 gallons) facility. The total amount
of pumped water each month is considered in this study as furnished
demand (F). Municipal demand (Dm) is calculated using estimated
population values and an outside use index of 9 (see Chapter II1I). The
drought severity index values for Milford are found in Figure 9. The
drought vulnerability, or probability of water shortage in the
immediate future is calculated and included in Table 20,

Milford City has an almost unlimited supply of groundwater.
There are legal constraints as to how much water can be pumped, but if
user demand for water increased, the additional water rights could be
obtained. Milford has no metering of individual dwellings and the
result is that the average use rate (397 gallons per day per capita)
is higher than that of similar communities (Kirkpatrick, 1976). The
infrequent occurrence of drought conditions, shown in Figure 7 as
periods when § > 0, is explained as:

1. The result of the large supply of groundwater available on
demand of the user,

2. The actual cost of water {in this case pumping and main-
tenance costs) are borne by all water users on an average cost basis,
and

3. The demand function was derived from cities having metered

systems.
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Figure 9. Drought severity index values (S) for Milford City.
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Table 20. Drought vulnerability index for four water prices for
Milford City, Monticello City and Orangeville City, Utah.

Price of Water (dollars/thousand gallons)

City $0.20 $0.50 $1.00 $2.00
Milford 15.5 10.4 7.5 5.4
Monticello 45.9 32.7 24.1 16.8
Orangeville 34.9 19.6 11.5 6.3

The results imply that the city, even during present drought
conditions in surrounding areas, is not experiencing water shortage
and there is only a 15.5 percent probability or less that they will
experience water shortage in the immediate future.

In comparing the drought severity index with the Palmer Drought
Index for moderate drought conditions (less than -2.00) and newspaper
articles that appeared in the Salt Lake Tribune, the years 1973 and
1977 stand out as drought years (see Table 18). Years such as 1975
appear to have experienced less severe droughts, while years such as
1968-1971 have little or no drought problem.

There appears to be agreement among the indices during years of
no drought conditions, but little agreement among them for drought

conditions.

Monticello City

Monticello, is located in southeastern Utah. The climate is hot

and dry and residents rely entirely upon the city water supply for

culinary and outside lawn and garden irrigation. Given the historical
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Table 21. Occurrence of drought comparisons of drought indices for
Milford City, Utah.

Moderate Number of
Drought Palmer Drought Newspaper
Year Severity Index Index Articles
$0.20
1968 0 0 1
1969 0 0 3
1970 1 0 0
1971 1 0 0
1972 1 5 0
1973 4 g 5
1974 0 4 9
1975 1 2 7
1976 0 1 3
1977 2% 6% *%

%
Only January-June considered
%k
Not available

city water treatment plant record and the historical population
estimates, the municipal demand (Dm) and furnished demand (F) are
calculated as discussed in Chapter IIT. From these parameters the
drought severity index is calculated for the 1966-1977 period of
record. Drought severity index values are plotted for Monticello
and may be found in Figure 10. Drought vulnerability index values for
the four prices are found in Table 17 above.

Monticello water users are metered on an individual basis and it
is expected that the municipal demand function relates quite well to

actual user demand. It should be noted that at low water prices
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Figure 10. Drought severity index values (8) for Monticello City.

(80.20 per thousand gallons) the probability of water shortage in

the immediate future in 45.9 percent and that even if the water price

was raised to $2.00 per thousand gallons, a ten-fold increase, the

probability would be decreased to only 16.8 percent.

For comparative purposes, the drought severity index is tabu-

lated in Table 22 with the moderate Palmer Drought Index for the

southeast region of Utah and newspaper articles appearing in the

Salt Lake Tribune.

conditions are evident.

In years 1973, 1974, 1976 and 1977 drought

For years 1967-1969 drought conditions are

shown in the drought severity index, but the tendency does not exist

in the other indices.

The sum of drought severity values for the
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Table 22, Occurrence of drought comparisons of drought indices for
Monticello City, Utah.

Drought Moderate Number of
Severity Index Palmer Drought Newspaper
Year $0.20 Index Articles
1966 5 0 8
1967 9 1 0
1968 6 0 1
1969 4 0 2
1970 1 0 0
1971 2 2 0
1972 2 6 0
1973 5 4 5
1974 5 3 9
1975 5 0 7
1976 5 2 3
1977 8% 8% *%

#

Only January through August considered
%k

Not available

1967~1969 period is 3.86 units while the sum of the first 8 months in
1977 is 4.33 units. Comparing these values shows that the 1967-1969
drought period as shown in the drought severity index is "mild" in
comparison to the present drought. Also, it should be noted that in
the 1967-1969 period Monticello was loosing population at a rate
between 3 to 5 percent each year, which may be an indication of
unaccounted for parameters. In all, the author feels that the drought

severity index compares well with the other indices and is a good
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indicator of drought in Monticello. An additional factor to indicate
the severity of the 1977 drought, is that the City of Monticello has
begun drilling four new wells which will double the water supply for

the city.

Orangeville City

Orangeville is located in central Utah near Price, Utah. Because
it is located in the energy development area, it is expected to
experience rapid growth. The community water supply is taken
directly from Cottonwood Creek, treated and supplied to the residents.
The City also has a secondary irrigation water supply that is used
for lawn and garden irrigation. The municipal demand function
describes the municipal demand for the city with an outside use index
of 5. The amount of water treated monthly constitutes the furnished
demand (F). Drought severity index values for Orangeville are found
in Figure 11, and drought vulﬁerability indices are found in Table 17.
At a price of $0.20 per thousand gallons, the probability of water
shortage in the immediate future is 34.9 percent, which can be expected
to be reduced to 6.3 percent by increasing water prices to $2.00 per

thousand gallons.

In comparing the drought severity index and the test indices,
it can be seen in Table 23, the agreement between the Palmer Drought
Index and the drought severity index in all years except 1975. This
is expected because the Palmer Drought Index measures meteorological
drought, and meteorological conditions affects streamflow directly.
Drought conditions in 1975 are in agreement between the newspaper

articles index and the drought severity index. In rechecking the
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Table 23. Occurrence of drought comparisons of drought indices for
Orangeville City, Utah.

Drought Moderate Number of
Severity Index Palmer Drought Newspaper
Year 80.20 Index Articles
1970 1 0 0
1971 0 2 0
1972 6 6 0
1973 6 4 5
1974 3 3 9
1975 5 0 7
1976 6 2 3
1977 4% 6% *%

%
**Only January through June considered
Not available

Palmer Drought Index for 1975, it is found that the Palmer Index
recorded mild drought conditions (0.0 to -1.24), but the six monthly
values were not significant enough to record as drought for comparison

purposes,

Comparing the results of the municipalities

Having discussed each municipality separately, a comparison is
made among the values of the drought severity index and the drought
vulnerability index. Table 24 shows the drought severity indices
comparisons for years common to the three communities. Because of
similarities of the drought severity index characteristics, the

comparison is made for the price of water at $0.20 per thousand
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Table 24. Drought occurrence and severity sums, for Milford,
Monticello and Orangeville, Utah. Water price is $0.20
per thousand gallons.

Yearly Drought Occurrences ' Yearly Drought Severity Sums
Monti- Orange- Monti- Orange~
Year Milford cello ville Milford cello ville
1970 1 1 1 04 .21 .16
1971 1 2 0 .20 .12 0
1972 1 2 6 .19 .18 .96
1973 4 5 6 .55 .59 .38
1974 0 5 3 0 1.02 .27
1975 1 5 5 .01 .96 1.09
1976 0 5 6 0 .31 1.07
1977% 2 6 4 .09 2.98 .92

%
For the period January-June only

gallons only. In addition to drought occurrence, the sum of the
drought severity values are also included for comparison among the
cities.

To compare, for the year 1971, each city experienced one period
of drought, but it was most severe in Monticello and least severe in
Milford. 1In the drought year of 1973, Monticello experienced five
periods of drought whose total was more severe than the six periods
at Orangeville. During 1977, Monticello is most severely affected by

the drought conditions, and given the drought vulnerability indices
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found in Table 17 above, that city is also most vulnerable to drought.
Figures 9, 10, and 11 also graphically show this condition.

Because each of the municipalities drought severity and
vulnerability indices are derived usirg the same demand function and
similar furnished demand information, a regional water supply planner
can make decisions about the effect of drought on a community. Were
a decision necessary in granting loan applications to increase water
supply at the three communities, the decision maker can use the
comparative information in reaching and justifying an objective
decision. Additional information, such as the expected growth rate of
a community or the effects of adding an additional water supply to any
of the communities can also be readily calculated as necessary.

Local watef supply managers and planners can use the drought
severity and drought wvulnerability indices calculated on a time basis
(weekly, monthly) suited to their needs. The severity and vulnerability
information defines when a drought begins or ends locally, how severe
it is and what the probabilities are for drought in the immediate
future. The calculation of the drought severity index (Equation 2)
is not difficult and can be readily calculated and updated by anyone
with a small amount of training. Computers and even small calculatoré
are not necessary for the calculations.

The drought information can enhance the management of a local
water supply. With the drought information a manager can determine:

1. When a drought begins or ends

2. What the probabilities are for drought conditions as they

affect the water supply
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3. When physical or voluntary adjustments to drought should
be made

4. How restrictive to make adjustments to drought (price,
restrictions, reuse, rotation, weather modification, emergency
supplies)

5. Givep population or increased use data, when to increase the
existing water supply or when to seek funding for new supplies.

For example, in 1977 Monticello City determined to double
their existing supply éf water by dfilling four wells. Had the problem
been recognized in previous years and the drought severity information
been available to substantiate the condition, perhaps the wells might
have been drilled and the present severe drought conditions avoided.
Orangeville City will construct a new water treatment plant during
1978. This is being done partly to alleviate drought conditions and
partly to prepare for the influx of population related to energy
development. The drought severity and vulnerability information can
assist in determining the storage necessary and the size of the
project, given population estimates, streamflow and water right data.
This is done by adjusting the demand function to meet future needs
and calculating the drought severity index with the available water
as furnished demand.

The drought severity and vulnerability indices are important in
overcoming the deficiencies in information about droughts, their
severity and the probabilities of occurrence. It is expected that
this information will assist water supply planners and managers in

overcoming drought related problems.
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Irrigation Area Results and Discussion

Background

To test the drought vulnerability and severity indices in an
irrigational context, three irrigation areas with differing water
supply characteristics are chosen. These include the Logan, Milford
and Helper, Utah areas. The objective of this study is to calculate
the drought indices for each irrigation area and evaluate by comparing
the results with the Palmer Drought Index and public opinion as found
in daily newspaper articles which relate to agricultural drought.

The irrigation demand (DI) is calculated using the Blaney-
Criddle method to obtain consumptive-use and then applying an irriga-
tion efficiency coefficient that is consistant with irrigation
practices in the area being studied. The monthly irrigation demand
is summed for the irrigation season and included in the calculation
of the seasonal drought severity index.

The furnished demand (F) parameter is taken in all cases as the
amount of water historically diverted or pumped for irrigational
uses. For the Helper and Milford irrigation areas, this amount is
a seasonal total. In the Logan area case, both monthly and seasonal
drought severity index values are calculated because data is
available.

The drought vulnerability index is determined from the drought
severity index values. The probability of water shortage, or
vulnerability of an irrigation water supply system, is the probability
that the drought severity index values will equal or exceed a certain

critical value. Here, the critical value is chosen as the value where
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furnished demand (F) equals the irrigation demand (DI), and the
probability that S > O is calculated.

Historical diversion and pumpage records as well as the calculated
drought severity index values are found in the Appendix. Graphical
plots of the drought severity index values are included with the

discussion of each irrigation area.

The Logan, Utah, irrigation area

The Logan area is located in the Northern mountains of Utah.
Water is diverted from the Logan River to irrigate about 2400 acres
served by the Logan, Hyde Park and Smithfield canal. Price of water
is ignored because of the small charges involved. The drought
severity index is calculated for the irrigation season April through
September and for the individual months during the season. An
irrigation efficiency of 50 percent (Haws, 1978) is also used in the
calculation. . These values are displayed in Figures 12 and 13.
Because historically, very little water has been diverted during
the month of April, it is determined that the month of April not
be included in the calculation of the drought severity index. The
justification for this assumption is that the low flows diverted
to the canal were not resulting from drought conditions, but were the
result of large winter carry-over water, the high frequency of
spring (April) rains, the relatively high latitude and elevation
of the study area and perhaps other factors also not being con-
sidered in this study. Values resulting from calculations of the
drought severity index for the May-September irrigation season and

the monthly drought severity values are found in Figures 14 and 15.
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Table 25. Comparison of drought indices, for the Logan, Utah
irrigation area (May-September)

Moderate Palmer Number of News-~
Seasonal Drought Drought Index Occurrences paper Articles

Year Severity Index Values (Northern Mountains Regiom) (Agriculture)*
1931 .12 5

1932 -1.08 4

1933 - .53 5

1934 .36 5

1935 - .41 5

1936 - .82 0

1937 - .56 0

1938 - .63 0

1939 ~ .35 0

1940 - .13 4

1941 - .11 0

1942 - .17 0

1943 - .82 0

1944 - .05 0

1945 - .80 0

1946 - .95 0

1947 - .54 0

1948 - .72 0

1949 - .68 0

1950 - .97 0

1951 - .84 0

1952 - .80 0

1953 - .52 0

1954 - .39 0

1955 - .33 0

1956 - .50 0

1957 - .41 0

1958 - .49 2 2
1959 - .52 0 10
1960 - .31 4 8
1961 .03 3 9
1962 - .27 0 1
1963 - .15 2 5
1964 - .21 0 4
1965 - .68 0 0
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Seasonal Drought

Moderate Palmer
Drought Index Occurrences

Number of News-
paper Articles

Year Severity Index Values (Northern Mountains Region)  (Agriculture)*
1966 - .29 0 7
1967 - .29 0 0
1968 - .46 0 0
1969 - .36 0 2
1970 - .23 0 0
1971 - .17 0 1
1972 - .74 0 12
1973 - .46 0 0
1974 -~ .80 2 14
1975 - .72 0 0
1976 - .50 0 1
1977 .33 5

*
Not available 1931-1957, 1977
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The drought vulnerability, or probability of water shortage in the
immediate future is calculated as 8.56 percent for the irrigation
season and 22.2 percent for the monthly irrigation season. This means
that there is only about a 9 percent chance that the coming irrigation
season will have a water shortage condition severe enough to affect the
total season. The vulnerability of 22 percent for the monthly values
means that there is a 22 percent chance that any month in the season
will have a water shortage.

For comparison purposes, the drought severity index is tabulated
with the moderate Palmer Drought Index and public opinion values from
a daily newspaper. These values are found in Table 25. Four years,
1931, 134, 1961 and 1977 are recorded as drought years using the
drought severity index. All of these years are also reporting drought
using the Palmer Drought index. The years of 1932, 1933, 1935, 1940
and 1960 are also droughts according to the Palmer Index. There is no
correspondence with the drought severity index for the years 1932,
1933 and 1935 and it is assumed that the meteorologic drought
persistance during the early 1930's is responsible. The years of 1940
and 1960 do relate the two indices, for during each of these years the
drought severity index becomes less negative. There appears to be no
correspondence between the indices mentioned above and the occurrence
of newspaper articles on agricultural drought during the 1958-1976
period.

From the results and comparisons above, it can be stated that the
drought severity index provides at least as much information about the
effects of drought on a water supply system as does the regional, more

difficult Palmer Drought Index. The drought severity index also
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provides a frame of reference for defining the effects of an agri-

cultural drought.

The Milford, Utah irrigation area

The Milford irrigation area is located in the valley south of
Milford, Utah. The irrigation area studied received all of its water
from groundwater pumping. Price of water is not included because the
horsepower ratings of the several irrigation pumps is unknown. The
months April through September is used as the irrigation season and
the drought severity index values are calculated for each season using
total well pumps as furnished demand (F) and the irrigation demand (DI)
as calculated in the Blaney~-Criddle method. A farm efficiency of 60
percent is applied because (Griffin, 1978) the area uses sprinkler
irrigation almost exclusively.

The drought severity index values calculated for the area are
included in Table 26. A plot of the values is found in Figure 16.

The drought vulnerability index is calculated as 97.7 percent.
This means that there is 97.7 percent chance each season of incurring
water shortage. Three reasons could be responsible for the high
percentage. The first is that the price of pumping water is quite
high and the farmers are willing to accept some water shortage rather
than incur the high cost of pumping. A second reason is that perhaps
the irrigation efficiency is higher than described by Griffin (1978).
The third reason is that the drought severity index may be incorrect.
The author is convinced, however, that the first reason (high cost
of pumping is responsible and that further studies on prices and

horsepower ratings in the area will disclose the problem. It is
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important that the drought severity index as formulated be retained in
a consistant manner as a control.

For comparative purposes the drought severity index values are
found with the moderate Palmer Drought Index and the number of newspaper
articles in Table 26. The period 1959 through 1963 and the year 1977
all appear to be drought conditions in the Milford area as shown by
the indices. For other years, however, there appears to be no

correlation among the indices.

The Helper, Utah irrigation area

The Oberto Ditch is a small canal to which waters from the Price
River are diverted to irrigate about 66 acres of land. The period of
record extends from 1942 through 1976. Data for the drought of 1977
was not available because a flash flood early in the irrigation season
destroyed the diversion control device. As with the other irrigation
areas, price of water is not included in the calculation of the drought
severity index. The irrigation season is defined as the months April
through September and the seasonal drought severity index is calculated
using the total amount of water diverted as furnished demand (F).
Irrigation demand (DI) is determined using the Blaney-Criddle method
for computing consumptive-use. An irrigation efficiency coefficient of
40 percent (Griffin, 1978) is applied. Drought severity index values
are shown in Figure 17. The drought vulnerability index as calculated
for the area is 44.5 percent, which means that the area served by the
canal can expect water shortages about 45 percent of the time.

Table 27 contains the drought severity index values, the moderate

Palmer Drought Index occurrences and the number of newspaper articles
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Table 26, Comparison of drought indices for the Milford, Utah

irrigation area.

Seasonal Moderate Number of
Drought Palmer Drought Newspaper
Severity Index Index Articles

Year Values occurrences (Agriculture)
1958 17 0 2

1959 .28 6 10

1960 .22 6 8

1961 .29 4 9

1962 .22 0 1

1963 .29 5 5

1964 .20 0 4

1965 .16 0 0

1966 .20 0 7

1967 .22 0 0

1968 .18 0 0

1969 .22 0 2

1970 .08 0 0

1971 .05 0 1

1972 A1 4 12

1973 .15 0 0

1974 .02 4 14

1975 .00 0 0

1976 .07 0 1

1977 .20 5% ®&

%
Only April-August considered

ok
Not available
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Table 27. Comparison of drought indices for the Helper, Utah (Oberto

Ditch) irrigation area.
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Moderate
Seasonal Palmer Drought
Drought Index Number of

Severity Index Occurrences Newspaper
Year Values (Southeastern Region) Articles®
1942 -1.11 0
1943 -0.98 4
1944 -0.86 0
1945 -1.70 0
1946 -0.41 5
1947 - .43 3
1948 - .32 0
1949 .13 0
1950 - .49 5
1951 .03 4
1952 .65 0
1953 44 1
1954 .50 5
1955 .68 2
1956 .41 6
1957 .52 0
1958 .59 0 2
1959 .51 6 10
1960 41 6 8
1961 .46 4 9
1962 .01 0 1
1963 .56 5 5
1964 .17 0 4
1965 .08 0 0
1966 .15 0 7
1967 - .02 0 0
1968 - .08 0 0
1969 .15 0 2
1970 .09
1971 - .10 0 1
1972 .14 4 12
1973 - .29 0 0
1974 - .04 4 14
1975 - .29 0 0
1976 .32 0

*
Data not available

1942-1957
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dealing with agricultural drought in the daily, regional newspaper.
About half of the Palmer Drought Index Values appear to compare
favorably with the drought severity index, but the magnitude of the

values vary greatly.

Comparing results of the irrigation areas

Even thought it is realized that the Palmer Drought Index is
measuring meteorological drought on a regional scale, it is exéected
that the drought severity index will compare favorably with it on a
general basis. The results show that little if any correspondence
exists between the indices.

The drought severity indices for the three irrigational areas for
the period 1958 through 1977 are found in Table 28. A cross-sectional
comparison of the data, especially during vears of known drought (1961,
1963, and 1977) lead to the conclusion that each area is effected by
drought, but the Milford area is effected much more severely than are
the other two areas. It should be noted that the 1977 drought con-
ditions affected the Logan Area (dependent upon natural streamflow)
mére severely than the Milford Area (dependent upon groundwater pumpage).
For these reasons the drought severity and vulnerability data are
accepted as being indices of drought conditions with the assumption
that as price of water is included and by using time periods of weekly
or monthly durations, the indices will be further refined.

The use of the drought severity index
for planning purposes

The drought severity index can be used to gain information about

past, current, or future drought conditions. Having discussed past
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Table 28. Drought severity index comparison among the irrigation

areas.
Drought Severity Index Values

Year Logan Area Milford Area Helper Area
1958 -.49 .17 .59
1959 -.52 .28 51
1960 -.31 .22 L4l
1961 .03 .29 .46
1962 -.27 .22 .01
1963 -.15 .29 .56
1964 -,21 .20 .17
1965 ~-.68 .16 .08
1966 -.29 .20 .15
1967 -.29 .22 -.02
1968 -.46 .18 -.08
1969 -.36 .22 .15
1970 -.23 .08 .09
1971 -.17 .05 -,10
1972 -.74 .11 .14
1973 ~.46 .15 ~-.29
1974 ~-.80 .02 - =.04
1975 -.72 .00 -.29
1976 -.50 .07 .32
1977 .33 .20 ®

*
1977 data not available
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and current applications, the objective of this section is to show how
future drought information might be obtained. In order to accomplish
this objective, the Logan irrigation area is chosen as a study case.
The generation of drought information is accomplished in five steﬁs.

1. Generate synthetic water supply data,

2, Generate synthetic mean temperatures to be used in the
calculation of the demand function.

3. Using the drought model for the Logan irrigation area,
generate synthetic drought severity index values.

4, Calculate the drought vulnerability index.

3. Evaluate results.

The first step is accomplished in two phases. The Logan study
area receives its irrigation water from the Logan, Hyde Park and
Smithfield canal. The canal diverts water from the Logan River.
Therefore, monthly synthetic streamflow for the Logan River is
generated and then monthly synthetic canal diversions are derived from
the Logan River streamflow.

The synthetic streamflow for the Logan River are generated using
the univariate ARIMA model described in detail in Chapter III. Of the
220 years of record generated, the first 20 years are not used to
remove any bias resulting from boundary conditions. The synthetic
data for the 200 vears (2400 data points) retain their specific
month identity. Now, using only those months representing the
irrigation season, the Logan, Hyde Park, and Smithfield Canal
diversions are calculated.

Canal diversions are derived from the synthetic Logan River
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streamflow values according to the legal constraints of the Kimball
Decree (see Figure 6 and Haws, 1965). Because these values were
rather high as compared to historical diversions (Table 13), the
expected value of the historical percentage for the 1961-1977 period
is also calculated (see Table 14). The synthetic canal diversions
as calculated are used in the planning model as furnished demand (F).
In order to calculate the irrigation demand function the mean
monthly temperature is necessary. To provide an estimate for these
values, a normal, independent random number is generated. This
random number is multiplied by the standard deviation for each month
and that month's expected value is added to obtain an estimate of the
mean temperature for the month (see Chapter III). With the mean
temperature estimate, the irrigation demand function and the drought
severity index can be calculated. The results of the drought severity
index are included in the Appendix. For the monthly data the drought
vulnerability index is 4.9 percent. For the seasonal synthetic data
the drought vulnerability index is 0.0003 percent. These values
mean that less than 1 percent of the time are drought conditions
expected to occur on a seasonal basis., For the monthly data, 108
months in the 2400 month period are expected as water shortage
months. These limits appear low, but using the high legal limits
and physical constraints, the value is expected to be low. The
method and application are the essential ingredients here. It is
important to note that:

1. A time series model can be constructed to generate synthetic

values of water supply.
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2. The demand function for a municipality or am irrigation
area can be calculated given future population estimates or the legal
constraints of the system.

3. Drought severity and vulnerability index values can be
created from the synthetic data which will greatly increase the inform-

ation about future droughts and water supply adequacy.

Application of the Model

From the above descriptions of the drought severity and
vulnerability indices, it is seen that the model works very well for
the municipalities and fair for the irrigation areas. To apply the
model one needs only to gather the necessary water supply data,

temperature data and population estimates. From these values, the

N
N7

indices can be calculated.

Once the drought severity and vulnerability indices are calcu-
lated much information is available. For example: the adequacy of
the water supply system is evident; the present status of the system
is easily determine when compared with the recent past severity
values; occurrence of drought is easily obtained; the empirical
probability values for the run sum, run length and peak are available;
the beginning and ending of drought periods can be determined with

accuracy; the critical level of drought severity may be changed and

I
b

refined according to area suitability; comparisons can be made among
other affected areas; the calculations are simple enough to be
refined and updated on a regular basis; and planners and managers

have objective data with which to make decisions and justify them.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The objective of this studywas to develop a relatively simple
and practical method for improving the availability and reliability of
information about droughts to those responsible for water supply
management and planning. The information technique developed provides
an objective basis for the selection of water supply management
alternatives during periods of drought. The derived drought
information can assist water supply planners and managers in identi-
fying priorities among proposed water supply developments from
consideration of water supply vulnerability and existing drought
severity levels,

Two dfought indices are developed to achieve the overall
objective of the study: (1) the drought severity index for describing
the state of drought as it affects a water supply system and (2) the
drought vulnerability index which indicates the probability of water
ghortage in a water supply system. In addition, the autoregressive
integrated moving average (ARIMA) method is used to develop a model
representative of a water supply system and from the model synthetic
data are generated using Monte Carlo methods. The synthetic data
areutilized in the drought severity and vulnerability indices and the

probabilities of future water shortage are calculated.
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In this study the drought severity and vulnerability indices are
conceptualized and tested for water supplies of three communities
and three irrigation areas. Comparisons are made among the test
cases. Excellent results are obtained from the municipality group
and fair results are derived from the irrigation areas. Definitions
of drought severity, vulnerability, drought beginning and ending are
derived. Tﬁese can be applied to local water supply systems. The
definitions and indices are more applicable, more simplified and are
more responsive to local water supply systems than are the alternative
definitions which are available in literature. In the absence of
good, objective drought information for comparing alternatives the
drought severity and vulnerability indices provide easily calculated
objective drought information. These techniques are excellent for
regional comparison uses, planning or for managing a water supply
system on a local basis. For example, the City of Monticello, Utah
determined during the past year to drill four wells which will double
the existing water supply. The drought vulnerability information
calculated in this study (though not available for the Monticello
City planners), noted that the probability of water shortage in the
immediate future is 46 percent when water is priced at $0.20 per
thousand gallons. Were the price raised to $2.00 per thousand gallons
the probability is 17 percent. Assuming that a certain level of
water shortage is unacceptable, say 15 percent, it is obvious that the
City of Monticello should not try to "price" themselves out of drought
conditions but to increase their water supply in an increment at

least large enough to decrease the probability of water shortage to

an acceptable level at an acceptable price.
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Another case is the City of Orangeville, Utah. The managers of
that city have deterﬁined to increase the size of their culinary
water treatment plant to decrease drought conditions. The drought
vulnerability for Orangeville at $0.20 per thousand gallons is 35%.
Were the price raised to $2.00 per thousand gallons, the probability
of water shortage decreases to 6 percent. In this case perhaps a
viable alternative would be to increase water prices to at least
$1.00 per thousand gallons (probability of water shortage is 11
percent). The conclusion is that the increased drought information
presents objective information and increases the range of alternatives

for water supply planners and managers.

Recommendations for Further Study

1. Price is an important factor in defining the demand
function for water supplies. Price should be included in the demand
function for irrigation areas. For groundwater pumping areas, this
can be accomplished using pump horsepower ratings and electricity rate
schedules.

2. The demand function for the municipalities used in this
study is an annual demand function, weighted by monthly coefficients.
Data should be collected and the real monthly demand values derived.
This should give better resolution to the drought indices.

3. Drought consequence data should be collected in areas
studied to evaluate the results of drought severity model calculations.
The Palmer Drought Index and public opinion as measured by counting
newspaper artiéles are not adequate,

4. A study should be conducted where synthetic water supply
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data is generated for a municipality. The Box-Jenkins ARIMA
methodology is recommended. With these values, the effect of increased
or decreased population on a water supply system can be tested. This
would be especially appropriate in the energy developmental areas of
Utah.

5. A loss function should be established frow economic consider-
ations (see Russel, et al., 1970) so that the drought severity and
probability might be evaluated in terms commensurate with water sﬁﬁply
augmentation alternatives. Perhaps a crop yield model might be used
to evaluate the loss function for an irrigation area.

6. A better method of testing irrigation areas for drought is
recommended. During a drought, farmers realize there are drought
conditions and make adjustments for it by planting alternate crops,
managing water better, etc. Suggested is checking at local banks
and mortgage companies to find how many farmers go out of business
during drought‘as opposed to those going out of business during "wet"
years.

7. Several similar and more complex water supply systems should
be studied and compared. The results of this study are logical,
but theré is no absolute conclusion. More data is needed in this
area.

8. A method should be determined to generate "real’ canal
diversions instead of relying upon legal water right constraints.

This step would base the drought indices on reality instead of legal
terms and the resulting probabilities would be representative of the

irrigation area and not of the legal implications of the canal capacity.
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9. Drought forecasting and plamning for drought in water suppiy"
éystems should be conéidered in light of the drought severiﬁy and
dfought vulnerability indices. The drought.forécasting can brobablyA:
be done by forecasting the water supply (streamflow) and combining
that forecast with population or temperature prognostications. These
values could then be incorporated into the drought severity index.
10. Much drought data needs to be collected so that the frequéncy
distributions of run lengths and sum of the positive deviations of
the drought severity index might be calculated. This will undoubtedly
provide more information about drought conditions and quite possiﬁly
could be used as another indicator of water supply adequacy.
11. An educational method should be established to educate the
water supply planners and managers on the methods of evaluating
drought using the techniques developed in this study. Information of
any kind is of no value unless it is available to those who can use 1t.
12, The drought severity indices, Palmer Drought Index and
the number of newspaper articles data were regressed using the
accumulative totaling technique and the correlations were found to be
significant. Data as to the effect of drought on specific water
supply systems, rather than regional data, should be collected to
further test the adequacy of the drought severity index as developed

here.
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Evapotranspiration Model Comparisons

Crop = Alfalfa Acres = 160 Farm Efficiency = 60 %

Blaney-Criddle Method

Month t P kt kC _kc kt tp
100

May 52.0 10.13 0.586 1.08 3.33

Jun 67.6 10.24 0.855 1.13 6.69

Jul 70.3 10.35 0.902 1.11 7.29

Aug 67.7 9.62 0.857 1.06 5.92

Sep 59.6 8.40 0.717 0.99 3.55

Net Sum 26.78"
Gross Sum 44.63" or 595 AF

Other Methods

Hargreaves Jensen - Haise
Month k E E E E
co tp t tp t
May 0.61 4.24 2.59 4.15 2.53
Jun 0.85 7.26 6.17 7.86 6.68
Jul 0.92 7.19 6.61 7.87 7.24
Aug 0.92 5.89 5.42 6.39 5.87
Sep 0.81 4.28 3.47 4.47 3.62
Net Sum 24.,26" 25.94"
Gross Sum 40.4" or 539 AF 43.2" or 576 AF
Penman Pan
Month E E Evaporation
tp t
May 4.55 2.78 4.43
Jun 7.61 6.47 8.81
Jul 7.62 7.01 7.31
Aug 6.66 6.13 6.37
Sep 5.40 4,37 3.61
Net Sum 26.76" 30.53"

Gross Sum 43.2" or 595 AF 50.88" or 678 AF
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Milford City data - August 1967-June 1977 (gallons)
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7394740,
s2o7T00,
7879500,
7111100,
13053400,
8582500,
7766000,
8416700,
1i1s2000,

933,00
692,00
1237,00
818,00
1062,00
Q1,00
954,00
1a58,00
§uas,00
1161,00
973,00

3unsdu 00
P332 -T 1]
25770.uv
P AT ]
Cubru, 0y
Evadb. 0o
320%9,00
26250.,00

het2109,
BA930600,
o5717ud,
SYST000,
duilloo,

13054300,

B591%00,
810080,
7619900,

11a9s3900,

832,00
502,00
760,00
875,00
88E,00
#86,00
941,00
122,00
1056,00
1187,00
Q48,00

11057 .00
wliru, ud
abing 00
CEPF-2
BUvw,00
3avio, o0
4Sude,00
4%046,00

€6T
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Synthetic Severity Index Values (May-September) -

-u,72
~3.,98
=3,09
=2,54
=3,48
.y U0
«3,61
oyq u7
=2.90
=3,53%
=3,53
=3,52
=2.70
3,29
®31,53
«2,20
=3,80
=2,37
=2,53
=3,d6
=3,70
.4,24

“ v
=3,%3
=3,409
~3,42
4 ,n7
LRy
-2,79
=2.6%
-u,00
4,04
=2,77
2,36
=3.54
=1,35
3,00
-3,09
=2,A45
4,53
4,41
=318
=3,.n4
=4,15
=4,13
=3 48
-31,27
=3,68
2,90
=3,54
-3,44
.y, 44
=3,25
-3,38
EEPR
-3,74
=3.18
-3, A1
4,58
2,43
'3.““
3,04
=2.bb
=2,.hb
3,16
“y,n3
-5.llj
5,43
-3,h9
®3,95
-7
i ug
-y, A7
-d 21
-3,%0
=-3,50
=3,1n
-y, 24
5,47
-3,18
=3,09
=-3,3t
=3.00

=2,50
-1.94
-1,57
“2.13
a2 idn
2,57
1,77
2,01
2,19
1,92
=2, 0l
2,18
=1,65
-i,R9
=2,21
-1,93%
=2,3%
2,156
=2,38
2,54
-l,82
w2,16

«]1,90
2,50
2,47
=1,90
2,34
=2,%0
-1,%3%
1,97
=2,38
-2,31
=1,86
2,18
=2.47
-1,77
-2,14
=2,30
2,51
=2,37
=1,79
v1.82
2,77
-1,77
=2, 14
2,37
-l %5
-1,87
~d,18
e, 4l
=2,36
3,17
=2,55
“1.06
=2a51
2,95
=}, 80
1,92
2, k7
=1,R5
-l k3
=-1,93
=2,58
-2,31
el bl
1,73
el 36
-2, ,n9
-2,34
2,54
«2.27
=-2,uS
a2,
2,28
=1.96
el 71
2,70
-1,74
w2, 845
-2,33
-1,90
=2,U6
ol 09

=1,32
-1,24
1,60
e, un
-l,u7
1,32
=1,25%
wl,e8
=1,61
=-1,07
=1,27
1,07
=1,20
-1,2%
-1,2%
=1,22
=1,17

0,08
=1,44
-], 44
=1,18
«1,07

=(,96
=0,19
-1.22
=1,37
1,12
-1,42
=0,40
0,99
-1,61
0,21

0,27
=1,49
-1,28
=0,99
=0,27
=1.16

0,09
=1,48
=0,30
=-1,3%4
-1,63
-0,23
-1,0%
-1,12
-1,64

0,72
=0,23
-1,39
=1,19
1,06
e, 32
-1,17
0,23
-0,24
-1,29
1,47
0,37
-1,%7
1,40
~0,36
0,36
0,55
1,20
-1,57
-0,5]
=-1,39
0,69
-1,15
-n,23
-], U0
-1,21
1,40
=0,20
=-0,21
-0,36
0,04
0,17
-1,17
0,53
0,32
0,27

«0,38
0,12
0,63
n,5%

-2,03

-0,12
0,12

=0,5%

0,66
0,03

-0,61
0,02

=2,1%
0,15
0,51
0,54

«0,53

=0,06

-1,78

-1,84

LIUN 3

1,77

=0,09
=-1,90
=1.72
-0, 4h
-1,77
=1,26
-0,606
-1,62
«0,69
=0,33
1,87
=-1,80
1,52
=-1,89
0 A3
=i ,82
-1,82
1,92
1,71
“1,72
-1,69
=2,02
=1,44
-1,53
“1.67
=G,32
-1,82
-]1,98
1,99
-2,02
=-1,8%
-1,79
=0,42
=-1,41
=-1,99
=-1,48
=-1,91
-1,82
“?.11
1,96
1,81
1.3
~1,69
=2.03
-1,62
1,33
“0,13
=-1,89
=1,.,69
=2,02
-1,94
-1,32
=1,98
-1,84
-1,79
1,79
-1,77
=1,71
=0,80
=), B4
2,01

0,65
0,30
1,11
0,67
-3,72
«0,4S
1,39
=-0,82
-3,30
0,31
=0,b6
-0, RAR
-3,34
=1,10
=0,09
-1,21
=-1,20
0,18
3,80
4,25
-3,85
=3,73

-N,9%
=4,3%
-3.13
2,98
-0, R4
=-1,99
-0,97
=3,45
=1,23%
-1,22
=1,01
-2,96
-3,71
=4,03
=3,04
.3, 40
=-4,10
4,25
=3,41
4,08
-3,33
=0,R3
el hb
=1,43
=1,47
=0,066
-3,52
=-1,14
=3, 46
=3,29
=3,62
=3, 86
-(,91
4,63
-3,43
=2,99
~3,88
=3,70
-3,09
=3,27
0,63
“i,11
3,04
=3,93
-0,A7
=3,42
=0.39
=3,h6
=-1,50
0,44
-0, R4
-5,8%
=3.51
0,92
=1,06
=1,34
=3,58
-3,58
i, 15
=-3,77
=3,21

=-%,91
-5,39
-3, a1
»u,32
=3,7:
-i,54
g, th
4,15
-, 39
®5,54
-3,0%
=3.51
-1, 75
=2,12
5,79
3,54
-2,74
ey, N9
=3,d¢t
~u,u?
ey, 34
3,23
=169
4,25
=312
=3,24
-3,0A
-, an
5,27
-u,5%
=3,2%
=3,73
5,95
-3,40
=3,93
4,97
2,75
.3,49
=3,59
4,80
=2.85
-u,ul
-3,39
-4, A9
=d 46
-4, 90
=5,01
=3,47
~3,97
3,84
2,79
-2,89
3,20
=-3,43%
=4,23
5.4

- e3 42

=5,.,88
=3,55
-y, 08
L 1)
=3,37
“3,13
-5,n7
=3, u4xn
-3,
-?,d%
=3,73
=4,50
3,59
3,40
4,39
=F,eh
5,54
-32,59
-3,582
=3,72
.4, 34
=4,11
-3,41
=2.35%
-3,u0

-2,02
-Z2,21
.5,
=2,99
-1,45%
-2,25
-2,15
-2,33
=2,56
LY
2,79
2,48
-1,30
-2,69
=2,40
=2,38
-2,39
2,21
«3. 06
-?,04
1,94
e!,50
2,11
«2,94
2,74
2,24
2,27
-},348
=1,81
-2,n8
2,38
«2,34
a2, u9
e}, 8N
=3,.,64
=2,25
-1,93
-] ,49
=-1,066
-1,90
«t,90
=-2,93
2,59
-2,28
2,20
=-2,23
-3,00
-2,12
«2,00
-2,08
1,658
2,03
=2.1%9
«3,05
2,63
P, ul
=2,16
2,62
=2,70
=2,31
-1,067
=3,18
-2,78
~d L7
=2,5%9
2,19
2,09
2,71
-], 94
-1,96
-2,48
«2,b6
2,21
1,55
2,45
-2,

2,0l
-2, 71
-1.,79
=1,8]
1,43
-d,33%

vl 04
U b
o, n2

0,55
0,26

1,30

N, 12
0,38

0,16
0,31

-1,d42
0,18

-1.90
-1,82
-],30
-], 54
-1,51
-1,80
-1,70
=1,67
-1,5%
-1,85
-1,88
1,4}
-t 72
vl b4
-1,58
-1,58
-, 49
1,55
-1,%51
-1, 74
-1,97
-{,60
-1,97
=1,65
-1,78
=1.85
-1,95
1,70
-1 81
“2,02
“1,70
=-2,20
-1,76
1,61
=1,360
-1,%3
1,70
-1,91
-1,88
-1,865
-] b3
=1,69
=-1,90
=1,RS
=1,74
-1,52
=1,91
-1,83
-1,60
-1 ,64
-1,90
1,96
=-1,50
=-1,67
=1,48
1,70
=1,48
=1,65
=1.61
=-1,28
at b7
=1.45
-1,78
=1,70
-1, 80
=1,9%
~1,R2
-1,78
-1,72
-1,0¢
-1,86
~1,04
~2,03
=27
-2, 01
1,94
-1,83
-1,93
«0,73
-1,7¢6
-1,97
-2,0%
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=3,.64
b0k
-3 6%
*3,63
=4,51
-3,81
3,37
=4,15
=3,13
-id,13
=5,50
=3,2S
=3,75%
-3,17
»3,49
-3,77
=(,81
3,48
-3.88
=4 .29
-3 .94
=4 ,5%
2,91
-3,20
-l , 45
=3,22
=3.,43
-3,77
ey, iR
=-3.29
-y 42
=3.58
-3,78
=2,00
-4,54
«3,09
=4,78
.d,00
-3,43
=3,69
=3,04
=-3,85
=3,47
=3,42
=3,67
=3,99
3,67
ed,99
-3,78
-y, 24
3,77
3,06
3,59
=3,79
i, 38
2,70
3,98
=-3.,00
4,43
-3,03
«3,27
2,94
4,54
=5,%%
“3.55
=-lhahd
*3,92
-3,54
=4,18
-3,92
-4, 1p
2,95
-5,
~3,93
-3,81
4,14
ei,68
-~3,88
-1.54
3,50
-4,1AR
4,36
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-y, el
=1,92
=2,35
-3,51
=3,51
3,65
=-4,07
=G,03
«3.39
2,85
5430
2,93
“k, 24
*3,54
=i, 37
3,14
=3, 7d
=3,54
=3,09%
-4 ,58
=3,714
-d, 74
=3,72
=4,01
=3.28
=376
4 0
“3,21
-t , 09
4,95
5,02
=3,9%
=3.77
=2,%%
»2,95

»ry 12
-2,73
weeddh
2,73
-?, U9
wZ B
4%
-], 948
-7, A0
w2 PR
w53
Lr4% )
2,06
w2 2
wlybi
1459
wd, T3
-, 03
-2, 31
«1,70
“2, 02
“ioh5
-1,5%4
2,63
-, %1
w3 19
w2, 1!
w47
=}, 69
-] 87
=222
LT
-1,81
1,70
-2,27

=1.2%
w49
~0.13
=1,2%
135
1,55
LT
1,35
o], 41
1,58
-1,5%3%
=1,3%
1,53
-],5%
-],2%
-1,31
“],65
0,08
wi,3e
“0,38%

Cw1,43

1,28
1,29
“l,12
“1,83
wl, a7
w1, 463
0,25
1,350
“1,50
wl,h2
~1,30
1,10
“1,18
~1,53

-1, 88
-1,72
1,50
wletl
1,74
=], 64
=180
w149
-1,5%5
1,80
-1, k4
1,463
=1,81
-, 79
2,00
-1,61
1,74
wh,51
1,69
2,01
=1,79
=1,33
«1,80
2,22
“1,76
1,67
0,59
-1,79
»1,65

0,22
1,80
-1,97
-1,83
-1,3¢
1,72

4,30
s, 07
-4,10
i, 90
=2,93
=2, b5
wi4,23
=401
i, 37
=3,61
5,10
-3,28
4,50
«3,51
=3.78
wl, 1R
=3,587
3,68
-4, 09
“2,68
3,91
4,47
=4,25
=-3,23
4,08
-l ,51
3,61
=1,18
-3 A4
0,32
-3, %4
4,24
=3.3!
-3,59
“3,33
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Synthetic Seasonal Severity

Index Values

=1,64
=} .23
“1,.27
-0, 82
.2,41
=1,51
1,39
wl GR
1,99
-q.oq
1,61
=1,21
2,0}
1,37
»1,23%
=l.1¢
w] A3
-l 19
2,21
.2,63
=], B4
=2,20
=-1,27
“d 02
2,10
-], 9
wf b7
2,18
=1,27
-], 4
=1.,k8
-1,29
~1,31
2,17
2,22
2,14
=1.6%
-2 14U
=1.87
=2.5%
-1,91
-d,18
2,42
i, 5%
“2.15%
=1 .,458
~1.9%
-y 89
=1.87
-2,03
-2.25
P L1
“2,03
2,07
“1413
2,30
=211
-2,0%
=g 2n
=2.13
-2, 20
1.9
-1,34
=1,3%
-2,0%
-2 U2
“l,56
=2,33
=0,81
“2,31
1,65
-1,8%
.1,98
=2,34
=] 02
-1, 448
1,72
-1,57
2,15
2,15
-], 38
-2'04
-2,048
w2, 48
-t,79
«d 05
2,07
=1,68
2,38

-1,8¢
=-1,88
“1,57
-y 0
- hd
1,79
-1,31
={.61
L3
-], 98
-f, 9%
] kO
1,86
-1, 81
-], 93
1,61
“1,.63
“1.75
-], "9
], 54
-] ,91
.l ,u7
2,04
-2, 0y
1,78
w2, 45
~2,34
»1,%8
-1,97
wd 2
1,90
-1,73
.2,09
=-1,ts
2,01
@ Ul
-1,99
=1,91
=2,01
=2,3%
LT}
2,58
-2,25
=l P8
-1,%%
2,19
=2 4R
2,10
-2, 08
“2,2%
-2, 20
r€.$1
! 87
-2.13
2,27
2,19
2,57
2,67
“2,49
-2,01
~1,78
-, il
~l, 7R
wP . Pk
-2 N2
2,53
-1,91
w? 14
»2,.61
“2.28
2,04
2,13
] PR
1l .96
w2 19
P 47
2,28
2,53
=} 7%
“2.156
2,22
=d, 18
w2 U4
-2.33
-2,37
2,27
2,57
2,20
-, 34

-2,40
2,20
=2,06
=2,.50
vl 8%
=-2,23%
1,92
2,29
w2, ib
2,15
2,35
=3 ,38
2,55
2,00
-], bl
2,15
wl 23
g, U8
2,40
2,00
1,87
“2,22
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Yeary

Pran
A
1267
190l
1767
I+o 5%
1¥ed
159605
1906
(2]
J =63
1464
1+ 78
[
;c,/g
1945
19074
1975
{97

1wy

Table B.l. MILFORD TRRIGATION DATA

Acres
Irrigated

YHe6
1261
|Zare
1504543
13155
15407
15447
1549Y5
15095
I 34
15655
14522
1574953
1 4Muya
FEE R YN
lanta
15748
13767
13%o0d
15748

Irrigation
Pumpage

Je%45
40%04
46061
dyguy
4718
d2ise
44117
45504
49270
dbheh 7
Geugd
GHTHe
59274
Lolus
S3470
Y EYY
59174
Henid
SERSF
argaa

Severity
Index

.16
U,
O,e?
Gyl
eda
th, 08
U5
.11
Ualb
J,u7
g,ue
G,07
U,.20
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Table B.Z.

Year

fiug
19435
I‘J‘jq
1945
jwat
| 947
1948
1949
(IR
1491
1952
145%
14954
19255
1996
19517
195%
yugy
FQad
14901
19b¢
1965
196
17605
1v¥bb
1907
1 Yns
1904
1970
1271
[N 4
1475
1974
TS
t 375

OBERTO DITCH IRRIGATION DATA.

Acres

Irrigated ©Pprice River

bo
(%3]
[#2+]
[oX 4]
eh
bo
o6
4t
A+
e
47
X ¢
Y6
Bl
X
>4
Lo
&
(a5}
[e3e}
loRv]
b
[¢3s}
oo
[s¥+}
(o3

[xX e
[+ ¢]
By
ot
(X
[olla}

Diversion

From

o

ty7
Al
ru7
s
tbh
550
oud
b7¢
Y18
Bhs
25t
So1
54
1osb
556
co9
ey
71
cel
a5
w4
186G
534
541
%3
e
449
iuy
S
Gt
B
=q7
Hia
.

Al

Severity
Index
S

-1.11
~0,b98
-, 86
-l 70
-U,d]
-u,45
-1, %7
Ua.1i
-, 49
U,u5
b5
0,44
0,50
b0
0,41
U.he
b5y
.51
1,41l
U.QC’
6,01
,5%0
Lal7
U, un
Jeld
-g,02
Ut
H,1%
Uauy
-, 10
by 14
-{t
-, e
oS
0, 54¢

-
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Table B.3.

Year

19481
1952
193%3
1934
1935
1936
1937
1938
1939
1940
1941
19upz
1943
1944
1945
1946
1947
1948
1949
1954
1991
1952
19%3%
1954
1955
19%6
1957
1958
1959
{960
1941
1902
1963
1964
1965
19066
{967
190K
17469
1970
1971
1472
1973
1274
1975
1976
te 77

LOGAN IRRIGATION AREA DATA.

ALTYES

Irrigated Logan River

400
2400
2400
2490
2400
2490
2440
2400
2400
2490
2490
gduy
24¢0
24ul
2400
2400
24010
2400
240U
2400
g4y
2u4G0
2400
F£di{
2H4uld
2440
2uuU
fUnu
2400
2400
2400
2H40Q
2400
24ud
2400
2u00
24400
2uuf
2400
2400
2400
2400
c4dad
24G0
4
2H00
2400

Divieesio

From

11179
23900
1847¢
8010
16854
23090
18990
18950
15890
14790
12a49
13317
20670
11459
17450
225740
17710
19370
19130
20 3sd
19RO
21170
17189
15730
15040
17524
16080
18270
109990
15674
118488
14300
13610
13230
16580
19250
14573
15350
16160
13934
13089
19940
{6160
21530
18236
{6820

7740

el
R

Bl -

Inde:
S

D.1¢
-] ,ul
-(3,53

043k
=), 41
-, 082
0,586
-ij,03
-0,35
-0,13
-3,11
-0,17
-Q,82
-0, U0
-Q‘{jﬂ
-0 ,95
0,54
-, 72
-
=0,97
-0 Bu
-, 8
-0,57
(0,39
“ b3
-),5¢
-3 .81
-(,49
-0,52
-0,31

0,03
0,27
0,15
=},Z1
-, 68
-(,e9
-{), 29
(), 4k
-0,36
(0,23
«0,17
(), Tu
-} l4b
=) B0
0,7
-, 50

0,33
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Appendix C

Computer Programs
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Program for Municipalities (s)

THIB PROGRAM CALCULATES THE DROUGMT SEVERITY INDEY VALUES
FOR THE MUNICIPALITIES,

CALCULATION 0F THE mMONTHLY WUNTCIRAL OEMAND (DM) IN MILLIONS
OF BALLONY AND THE DPOUGHT SEVERITY INDEX (8) IN EGUATIONS

OO IO IO NOTITNO0C

Y Oy €y

nNH w DUD w NAYR » M4 & POR » 10ODO0O00O,
AkD § 8§ « F/OM
WHERE
OMD » MONTHLY DEMAND CALCULATED 8Y THE EQUATION

AND € = COST OF WATER IN DOLLARS
AND T = OUTODOR USE INDEX

CAYS & 16% DAYS PER YEAR

M w MONTHLY WEIGHT

poE x POPULATION

DIMENATON F(R0,12), MW(12), YEAR(S0), POP(80), 8(B0,12), OH{80,12)

REAL W

INITIALIZE TWE NUMBER OF YEARS OF RECORD
NEi2

TACEOY O

READ IN MONTHLY WEIGHTS IN 12F%.3 FORMAT
READIS, 1111 {¥N{]),  nl,12)

111 FOPVAT([2FS5,3)
WOTTE(6,600) (Mwel),Fx1,12)

$00 FORMAT(IX, tMat,12F10,3)
¢ RFA0 TN THE MONTRLY PURNISHED OEMAND (F)
00 1 I81,N
READIS,1101(F (T, 3),Ju1,12)
110 FPORMAT(26Y,1215)
WRITE(h,6013(F(T,JY, Jut1,12)
601 FORMAT(IX,1FV,12F10,2)
CONTINUE

La N )
o

BUT F TN CORRFET UNITS (MILLIONS OF GALLONS)
00 10 Is1,N
DO 10 Jmi,t2
10 FlleJd) ® pUILSY 7 100,0

o

READ TN YEAR AND POPULATION VALUES
D0 3 IsiyN
READ(S,120) YEAR{I), POPII)

120 FARMAT(218)
3 LoNTINUE

CALCULTION OF THE DROUGHT SEVERLTY INBEX

INUTIALIZE IME COST FUNCTION
t s 0,2
9 CONTINYE
BN oTT Tist,4d s R
O8N 3 40,75 & 39,50 % ALOG(1./C) & 24,14 » &,
G0 Y Iaj,w .
HBOT Jar, 12
DI, NY = DMD o« 365, « MWEJ) + ROP(IY / 1000000,
7T S{T+Jd) x g, = FUI.0) /7 DHEL,0) .
IFCIT,EQ, 1) €O T0 At N
IFLTL.E3,2) GO YO 62 Py
IFCIT,ER,3) GO TO &3 .
ha wEITE(6,7T4Y
YU FORRAT (w277 Y20, DROUGHY SEVERATTY INDEX VALUES), 10X,
*ELATER DEWAND PRICE IS $2,00 PEP THOUSAND GALLONE!,/)
G0 YO 284

[+ FOA~4T STATEHENTS AND CONTROLS FOR PRINTING RESULTS

229 00 4t Is1,N .
WRITE(H,230) YEAR(D), POPIT),C8(),J),J81,12)
230 FORMAY(2%,215,12F10,2)
41 CONTINUE
IF(T1,E2,8) GO TO 99
17 CouTinbF

8 4D,TS & 30,54 e NATURAL LDG OF (1/C) ¢ 24,14 » ]
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PAGE MEADINGS
A1 wETTF (6,771() B v N
T73 FORVATLING, /77 130, DROUGHT SEVERYTY INDEY VALUES®, tox,
*PCATER NEMAND PRICE 18 $0,20 pER THOUSAND GALLONS!, /)
€x0,50 .
GO 10 25a
0D wATTELA,TYR}
VT2 FURMAT(IMI,/// T20,1DROUGHY SFYERTTY INDEX vALUES!, 1oy,
*TLATER DFYAND PRICE I8 50,50 PER THOURAMD GALLONS! /)
faf,nn
67 TO 258
b3 SCTTE(6,773)
TIZ FOYaTL1HY,/// 120, 'DROUGHT BEVERLTY INDEX VALUEBY, 10X,
*IWITER DFMAND PRICE I8 81,00 PER THOUSAND GALLONS!', /)
tx2,00

250 wWRITE(A,TY0)

778 FORMAT(LX,
*f  YFAR 909'.?x,*JAN',7X.'FER'.?X.'San'.7x.'APR'.7!.'HAY'.TX.
"JU”'!?‘;'JUL':?‘."UG'."X;'559'07X0'°CT"7K"NéV’97!Q'DEC'i
60 YO 22¢

99 CONTINUE
jrom
END
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Program for Irrigation Area (S)

[4
4
C Trld wRUGRAM CalCULATES TaE DROUGHT SEVERITY INDEx FOnR
- ¢ I«RIGATLION AREAS GIvEN THE MOWTHLY CROP GHOwTH STAGE
c CULRPICIENT (XC) FUM ALFALFA, HONTHLY PFRCENT OF DAYTIRME
[+ HOUNS (P, AVENAGE MONTHLY TFMPERATURES (1), NUHRER OF
¢ ACRES IARIGATED AND THE AMDUNT OF mATER PUMPED OR DIVERTED,
c
DIMENSION ®C(6),P(0) T(BN, 0, YEAR(BO) ACRE(BO),IP(80)
OIMESNSINN V(B0),BMALLU(RO:0) ,KT(80,5),5Un(AN),DI(80),5(80)
REAL XC,IR,n1
C
—~ [ INITTALIZE THE NUMBER OF YEARS
N Ne3S
[4
[« INITIALIZE THE FARM IRRIGATION EFFICIENCY E
E 5 U,v0
4
c REAU In TrE MOMTHLY CROP COEFFICIENT (MONTH 1 @ APR) MONTH © & SEP)
READL(B., 110X (KC(JY,J21,6)
110 FORMAT(GFS,2)
c
4 READ 1IN PEFCENT OF DAYTIME HOURS
REAC(S,110)(P(J),JE1sb) v
c
¢ HEAD In  AVERAGE MONTHALY TEMPERATURES FOR THE LOCATION
C (*26TH 1 &8 &PRILS AUNTH & a SEPTEMBER)
GO 1 Imi,N
FEAD(S, 1100 CTLI dY 5021 ,8)
| CONTINUE
IS c
e [+ RESD [+ NUMBER OF ACRES (ACRE(I)) FOR EACH YEAR
KEAD(S,132) (ACRE(I)slal,N)
§12 FURMBTL351¢)
[+
c Re Al I~ YEAR AND &MQUNT OF WATER DIVERTED
00 2 Isti,n
READ(S,162) YEAR(I}, IP(I)
§00 FOR~AT(2]15)
2 CONTIHUE
B [
= 4 CALCULATIUN OF THE MOMTHLY AND SEASONAL CONSUMPTIVE USE
DO Y Yat,n
LG T J3,e
KTE1aJ) ® 2,06173 « T(1,J) = 0,314
SHALLU{T,J) & XC(JY = K1(1,d) » T(I,J) ¢ P{JY 7 100,90
c
[ PUT CONEUMPTIVE USE ValUE$ IN FEET
SMALLUIT,J) & SMALLULILI) 7 12,
» 7 CONTINUE
UG 8 Ist,N
YOI & SFagLull, 1) ¢ SMaLLull.@) ¢ SHALLUCL,3) ¢
# BHALLU(I,4) ¢ SMALLUCI,S) ¢ SuallU(Is8)
WRITECH,000) (SMALLU(T,J) Jm,6),Ull)
S00 FURMAT (1X,7F15,9)
8 (ONTINUE
£9 9 l=t,N
c
e c CALLULATE ThE IRRIGATION OEMAND FOR EACH SEASUN
[ c DICI) & uCl) » ACKE(L) 7 E
[ CALCUALTE THR SEASONAL URGUGHT SEVERITY INDEX (5)
SU1) = 1,00 « IP(1Y 7 LICDY
wilTE(0,610) YEAR(I), wChE(Ll}, IPCI), §C1)
610 FORMAT(1%,3110,F10,2)
9 CONTINUE
00 Tob IS1,N
AEITECT,T87) SL13s YEAR(])
P
— T67 FORMAT(2F10,2)
766 CUNTINUE
§10P
END
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INPUT Data

o

R
Ii
[

&

Tl 71 37 Ta[14 15 [0 Tk

!

I

wloj21 22 23

T
|
i

W s JQI!B(JI n 331 4 35 SR{37 34 19[5014) 47 43184 45 e !
J 1484 50 3157 8 45 ‘oFJbT 58 59 l 1 62 b3jbg BY 6SI6T7 68 Eﬁlfui‘ 2 ISIA TS 8|7 T4 sk
i K 0{ I 5459 8 ESU Bl 62 ]5

T2 31 56]78 ghujnzilit B

|
i

!

4§

1

U e e

_Q.Qanﬂﬁﬁﬂaﬂnﬂnnnnmmw

SR [T e e e e T T
54 7 & _wnw 3 oswpe I nppp Wwn 29 m oA 33506 YR 0 2147 4144 LR ] M‘i’ 4240 %) 57 53 54 55 56 57 50 59 £0 1 62 5364 €3
— B LR L e e B e = mm—————

‘Bl‘}Sﬂ'ﬂ 3?‘»3 ‘4 55 55 5? 593800(10‘6;546‘ "wSE 685‘! 78 1\ nBABK 71?! NBJ

o334 kS vJ 181"‘1(\ it -’201444 4n

. : R
[:“"'"—”"M""““""M'r " ZJ 330 £4 55 55 51 98 5°ﬂﬁ! 6253 646566676883 70 71 WA % §7 18 19 80
i 3 i ey 24 34 23 P 3 £y 55 55 57 98 32 3 0 i 8
17 et genl PTG f,fl—.. EEX R NEE LA S i |
e —

= e
35 54 99 56 87 56.;3%\36! G?Exﬁd 65(‘5! sREYT0 N IZ N b-
-MM

_-.,,._..-,._,..—«__.;-m‘ e i e 4 =
{! ? 45867 !’imlli? }C wisl s MHE
g < e e e

OUTPUT — See Table B-2
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Program to generate synthetic streamflow data

(writes output to disk storage)

FILE B(KINDEN]SK,MAXRECSIZE=14,BLUCKSIZE=420,AREASS]100,AREASIZE=120,

* SAVEFACTONEYQG, TITLE="LOGANKRSYNTHETIC")

OImeiSIUN £(3000),A(3000),LR(250,12),T1(250,16),TEMPH(6),STDEV(S)

CimENSIUN £(3000)

KEAL LF
S1GrAZLLKRT(267) 338,58
INTEGER T

c INITIALIZATION OF THE BOX=JENKINS MODEL FOR THE LOGAN RIVER

Cu 10 I=21,25
2t =0,u0
A(1) =0,00

10 CUNTINUE
Z(1u)s19148,72
£(11)=13492,55
Z112)=11528,51
£(15)s98e22,34
2(14)=7992,13
2(15)27272.98
Zi1h)30759,30
2(17)=5990,21
2018)=z711¢8,50
L(19)314T730.060
1(20)=3u912,55
2(21)=55715,32
£22)=14146.72
1(23)=13492,55
2(24)211328,51
P130.63157
112z0,80365

CALCULATE THE ERROR TERM A(T)

onn

DU 1 I=t,3u70
A(l) & SIGHAXRNOR(IR)
1 CONTINUE

(g X aNaXal

D0 2 1%825,3000

(1) & PIni(T 1) = Z(T=13)) ¢ Z(T1=32) ¢ A(V) = T12%A(T=12)

IF(Z(T).LE,(0.1)) GO YO »
7 CONTINUE
50 TO 2

TnE RECESSION OF THE STREAM,

[N aXal

6 DMY z ALOG(ALOG(Z(T=i}}) - 0,025
Z(T) = EXP(EXP(DMY))
Ga 17
2 CUNTINUE
00 37 1s:1.31880
x{=1

A2 5 2(0) ¢ 10,

WRITE(R,801) XI,ZC1)s CC(I)y AZ
801 FORMAT(4F10,2)

wR1TE(S,601) X1, Z(1), C(I)s AZ

601 FORMAT(1X, 4F10,2)
37 CONTINUE
LUCK 8

$10P
L

c HMORAAL INDEPENDENT RANDOM NUMBER GENERATOR

FINCTION RNOR(IR)
DATA [/0/
IF(1.61,0)60 TO 30
10 22.7 * RANDOM(IR)
V22 0 * RANDUM(IR)
Ssxexeyay
IF(S46E«(140))60 TO 10
8350T(=2,00AL0G(Y)/8)
RNQRSXn3
GO23Y#$
Is1
GO TO 40
30 RNORsGO2
1=0
40 RETURN
END

1.0
1.0

GENEKATE SYNTHETIC STREAMFLOW FOR THE LOGAN RIVER
DATA IS TOTAL MONTHLY ACRE=FEET OCTOBER-SEPTEMBER

CHANGE NEGATIVE FLOw VALUE YO A VALUE THAT EXPRESSES

164
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Numerical integration program

DIMENSICN XPRIME (20),wWX(20)

5

Y
L

S

C

100

REAL MEAN
XPRIME(1)
XPRIME(2)
XPRIME(3)
XPRIME (4)
XPRIME(S)
XPRIME (&)
XPRIME(T)
XPRIME (8)
WX(1) 3 Q,
WX(2) 0,
WX(3) 0.
wx(4) 04
WX(s) O
wx{e)d O
wXx(7) Qe
wx(g) 0
ADJYL = O,é
ADJg2 3 10,

N HBN RS

READ IN MEAN AND STANDARD DEVIATIOM

DO § J=i,l
READ(S5,100

FORMAT(F7,

= 0,18343%
m»(,18343%
20,525832
3« 525532
2 0,796666
z=0,796666
2 0,960290
ge(,960290
Je2684
362684
313707
313707
222381
222381
101229
101229

000

5000

8
} MEAN, SO

50F10,7)

AREA = 0,00
0o 2 I=1,8
XsXPRIME (1) » ADJ1 ¢ ADJ2

XXw(EXP(((ALQG(XJ-MEANJ*te)/(-E*(Sn*ta))))/(xnso*a.5066383753

AREA = AREA + wX(I) % XX
¢ CONTINUE

AREA = AREA * ADJI

WRITE(6,600) J, AREA

600 FORMAT(T20,12,F15,8)

1 CONTINUE
STCP
END
INPUT ouT
I B Dot ot it
- | 1 0,15509338
;;;H_éghggwwu 2 0.10“165“8
o b 0,0751738¢9
d 0,0535331%
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Program to Rank Data for U-Test

BEGIN

COMMENT
DEBUGT SORTING, RANKING, AND RaNK SUMS FOR LOGAN RIVER FLOW DAT#
FILE CR (KIHDWREADER,MAXRECSIZEs{4),
o LP {(KINDWPRINTER,MAXPELSIZE®Z2)}

INTEGER FNDI,BEGINZ, FND2

]
ENDL 133003 X THIS CAKD DEFINES WHERE THE FIRST DATA SET ENDS
BEGINZ 13301} X TWIS CARD DEFINES WWERE THE SECOND DATA SET STARTS
202 1%900} X THIS CARD DEFINES END2 WHICH IS THE LASY DATA POINT
BEGIN

INTEGER ARRAY DATAPUI1END2Y, DATAPSI112,18END2Y, QBUF L1124}
INTEGER 1, J, TEMPY, TEMP2, DBUFIls YEAR, MONTH)

PROCEDUPE SUMGROUPRANK (GROUP,Y1,Y2)} !

%

X THIS PROCEDUPE wILL PRINT THE RANK TABLE FOR ONE OF YHE 38 YEAR
X PFRTONS, [NCORPORATING DATA FOR MONTHS Y1 THROUGH Y2
%

INTEGER GROUPR, Yi, Y2}
BEGIN
N INTEGER SUMRANK]

WRITE (LPISKIP (1)) X WRITE HEADINGS
WRITE (LP,<"GROUP *,11/7

6("MO/YR  RANK M) /6 {Pmumnu =wew %}, GROUPYS
OBUFIIatl) X YHIS VARIABLE INDEXES THE BUFFER DRUF
SUMRANK 1B 0

FOR I pm Y§ BYEP § UNTIL Y2 00

BEGING
. YEAR 18 (I=2) DIV 12 ¢ 13 4 CNHPUTE YEAR GIVEN ARSOLUTE MNTH
s HONTH §u (I1+9) MOD 12} X COMPUTE MONTH WITHIN YEAR

X (ADD 9 FOR WATER YE4R FORMAT)
1F MONTH £ Q THEN MONTH g3 §27 % CORKECT FOR 12 MOD 12 a 0

0BUF [OBUFT) 1anONTH; b 4 NOTEr OBUF 18 USED THICLE WITHIN THE
ORUF (NBUFI+11I8YEAK] % PROGRAM AS AN OUTPUT BUFFER FDR
QBUF INBUFT+2) 53DATAP (1Y) X VARIOUS TABLE INFORMATION
BUMRANK EwsDATAP I} X ADD ONE RANK TO SUM OF RANKS
IF 0BYF] ® 316 THEN 4 IT's TIME 7O PRINY A LINE
BEGIN}
o WATTE (LP,«9(1a,"/",12,%3,13,%3)>,

FOR J 1= § STEP 1 UNTIL 18 00 OBUFIJ1)y
OBUFIi1mt) L3 RESEY 0BUFI Yo {
END
ELSE

ENg?urz:-sosg b3 INCREMENT FOR NEXT FIELD
WRITE (LP.clﬂfIZ,'/"pIZ,xs,r3.x3)>. 1 QUTPUT LAST LINE
FOR J 12 § STEP 1 UNTIL OBUFI=} 0g QEBUPIJY Y}

\/\ KRIVE (LP,«//"RANK TOTAL FOR THIS GROUP 8%, 1155, BUNRANK) }

END)

READ (CP,€16185/(1615)5,DATAR)) ¥
' INPUT DATA
X wRITE (LP,<"FCH0 OF INPYT DATAL™//12(X1,18)»,DATARY

FoR I 13 ) B
BEG TN STEP 3 UNTIL END2 DO % KOVE DATA 10 DATAPS FOR SORT

DATaPS Ly, I) yny
DATAPS (2,11 1wDATAP (1))
END 3

FOR I 1» § 81EP | UNTIL (EnD2e3) DO
- X THIS 18 THE
FOR J 1w | STEP 1 UNTIL (EnDZe]) Lo % BUT zrrac$?5:L£ SORT® CRuoE,

IF DATAP
€S TN $12/J1 <« DATAPS(2,J41] THEN ¥  TEST FOR 8WITCH

TEMPLISDATAPS(L,J))
TEMPZ180AT4PS 12,01 )
DATAPS 1,71 1204TAPS 1, 0e1))
QlTA”SKEcJJ;lDAY‘PSt?;J#i!)
N DATAPS [1,J+4) 1wTENR
S DAT&PSI?;JO!]:!TE"PRI
ExD}

~
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FOR I 1w § STEP | UNTIL END2 DO X NOQW MOVE RANKS T0O DATAP
X (IN YEAR ORDER)

DATAPLOATARPS 1,13 2]y

ORyFlguyy
WRITE (LPISKIP 111} X  HEADINGS FOR FIRST TABLE
ARITE {LP,<4("HANK HKO/YR READ "y/6("mmae wsewe

FOR 1 gz | SYEP | UNTIL END2 DO
BEGINY
DRUF LOAUFTT 1x 1)
YEAR s (OATAPS(1,10w1) DIV 12 + 1}
MONTHrS(DATAPSE1,21+¢9) %00 129
IF MONYH 2 0 THEN MONTH pw12)
DBUF [OALF Te4] 13MUNTH}
GRUF (NRYF1e21 1>YEAR)
QHUF [DAUFT«3] tsDATAPS (2,11

IF ORUFI = 21 THEN % BUFFER FULLe TIME TO WRI
BEGING
#RITE (LR, a6(X1.13,)X2,12,%/%,12,%2+15,%X3)5,08UF)
DRUF Iy} X RESET TG ONE
EnD

ELSE

QAUF L meedy 4 INCRERENT FOR NEYY FIELD
END}

SUMGROUPRANK (1,1,END1) 3 X FIND FIRSTY GROUP RANK SUM
SUMGROUPRANK (2,8EGINZSENDR)IX AND NOW THE SECOND GROUP
ENDJ

END,

TE

}

)31
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{4 1R oG 20 58N 5D B 5

OUTPUT

l0/72 757 11773 519 12773 602 1/73 634
a/13 140 $/73 27u 6/73 223 /73 893
10773 8a0 11774 W0y 12774 299 1774 336
4’74 10 €/ 74 28 6/74 e0d 7774 529
16774 751 117758 636 12778 619 1275 &29
4775 167 5773 32 /7% Sé 77715 385

RANR TOTAL FOR THIS GROUP » 2079446

2/13
8/73
2774
8/74
2/78
8/75

876
628
347
218
637
278

2/13
/73
3/74
9474
3275
9775

413
610

471
164
576
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